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ABSTRACT  
The ocean sequesters more than 25% of the carbon released by anthropogenic action 
every year, and oligotrophic oceans, such as the Sargasso Sea, are responsible for about 
50% of the global carbon export. Pico- and nano-phytoplankton (cells < 5 µm), mostly 
unicellular eukaryotes (protists) and cyanobacteria, dominate the primary production in 
the Sargasso Sea; however, little is known about their contribution to the export of carbon 
into the deep ocean via sinking particles. The overall goal of this study is to examine the 
link between growth and grazing rates of pico- and nano-phytoplankton and the carbon 
export in the Sargasso Sea. I investigate three aspects: 1) how microzooplankton grazing 
and physical forcing affect taxon specific primary productivity in this region, 2) how 
these microbial trophic dynamics impact their contribution to the export of particulate 
matter, and 3) how much pico-phytoplankton, specifically the pico-cyanobacteria 
Synechococcus and Prochlorococcus, contribute to the carbon export. I collected 
seawater samples within the sunlit (euphotic) zone, and sinking particles at 150 m depth 
using particle traps in the Sargasso Sea during the winter and summer seasons of 2011 
and 2012. I conducted dilution experiments to determine the growth and grazing rates of 
the pico- and nano-phytoplankton community, and used 454 pyrosequencing and 
quantitative Polymerase Chain Reaction to measure the relative and absolute contribution 
of these primary producers to the plankton community within the euphotic zone and in 
the sinking particles. I found that micrograzing controls taxon-specific primary 
production, and that microbial trophic dynamics impact directly the taxonomical 
composition of the sinking particles. For the first time, I was able to quantify clade 
specific carbon export of pico-cyanobacteria and found that, despite their small size, 
these tiny primary producers are capable of sinking from the surface to the deeper oceans. 
However, their contribution to the carbon flux is often less than one tenth of their 
biomass contribution in the euphotic zone. Our study provides a comprehensive approach 
to better understand the role of pico- and nano-phytoplankton in the carbon cycle of 
oligotrophic oceans, and a baseline to study changes in the carbon export in future 
warmer oceans. 
 
  ii 
ACKNOWLEDGMENTS 
I would like to thank Dr. Susanne Neuer for her help during this journey and for 
having shared with me not only her passion and enthusiasm about science but also her 
love for the ocean. She has been a professional model for me and a great support since 
the beginning. I also want to thank my committee members, Dr. Garcia-Pichel, Dr. 
Hartnett and Dr. Lomas, for their input and helpful feedback. It is because of all of them 
that I was able to grow as a scientist, and to learn to challenge my knowledge and expand 
my limits. 
I also would like to thank the crew of the R/V Atlantic Explorer and all the people 
that contributed to this project, especially Dr. Tammi Richardson and her group. This 
project was supported by NSF funding.  
During my time as a PhD student I was lucky enough to share my experience with 
special friends like Ana and Estelle. They have been an essential part of my journey and I 
would not be the scientist that I am without them. Also I would like to thank Yev, Jorge, 
Owen, Israel, Mar, Heather, Analissa, Daniel, Ankita, Daniela, Sergio and all the other 
students that have shared smiles, beers, and advice with me. A special thanks goes to 
Demetra, Megan, Wei, Bianca, and Kyle, the best lab mates ever and to all the past 
(especially Jessica, Steph, and Ali) and new lab members. 
I would also thank all the people that helped so much behind the scenes, like 
Wendi, Yvonne, and all the other people that make our life easier, like Judy and Rick. 
I would not have been able to manage life and grad school without the endless 
support of Mike and the joy of my life, Lia. Thank for family and friends for believing in 
me. 
  iii 
TABLE OF CONTENTS 
    Page 
LIST OF TABLES……………………………………………………………………….VI 
LIST OF FIGURES……………………………………………………………………..VII 
CHAPTER 
1. INTRODUCTION…………………………………………………………………..1 
1.1 The Biological Carbon Pump and the Carbon Export………………………….1 
1.2 The Microbial Community and the Carbon Export Pathways………………….4 
1.3 Our Study Site, the Sargasso Sea ………………………………………………7 
1.4 The Objectives of this Dissertation……………………………………………..9 
 1.5 References……………………………………………………………………..12 
 
2. TAXON SPECIFIC PRIMARY PRODUCTIVITY AND GRAZING LOSS IN 
SARGASSO SEA…………………………………………………………………….25 
2.1 Abstract………………………………………………………………………..26 
2.2 Introduction……………………………………………………………………27 
2.3 Methods………………………………………………………………………..30 
2.4 Results…………………………………………………………………………37 
2.5 Discussion……………………………………………………………………..45 
2.6 Conclusions……………………………………………………………………53 
2.7 References……………………………………………………………………..54 
 
 
  iv 
CHAPTER               Page 
3. RELATIVE CONTRIBUTION OF CYANOBACTERIA AND PROTISTS IN THE 
WATER COLUMN AND IN THE SHALLOW SEDIMENT TRAP MATERIAL IN 
THE SARGASSO SEA………………………………………………………………77 
3.1 Abstract………………………………………………………………………..78 
3.2 Introduction......................................................................................................79 
3.3 Methods………………………………………………………………………..82 
3.4 Results…………………………………………………………………………85 
3.5 Discussion……………………………………………………………………..91 
3.6 Conclusion…………………………………………………………………….98 
3.7 References……………………………………………………………………..99 
 
4. CLADE AND STRAIN SPECIFIC CONTRIBUTIONS OF SYNECHOCOCCUS 
AND PROCHLOROCOCCUS TO THE CARBON EXPORT IN THE SARGASSO 
SEA………………………………………………………………………………….117 
4.1 Abstract………………………………………………………………………118 
4.2 Introduction…………………………………………………………………..119 
4.3 Methods………………………………………………………………………121 
4.4 Results & Discussion………………………………………………………...124 
4.5 Conclusion……………………………………………………………………133 
4.6 References……………………………………………………………………134 
5. CONCLUSION…………………………………………………………………...144 
5.1 Dissertation Contribution…………………………………………………….144 
  v 
CHAPTER               Page 
5.2 The Challenges Ahead……………………………………………………….147 
5.3. References…………………………………………………………………...149 
REFERENCES…………………………………………………………………………152 
APPENDIX 
A  CHAPTER 3 SUPPLEMENTAL……………………………………………….174 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  vi 
LIST OF TABLES 
Table                Page 
1. Limitation of Different Molecular Biomarkers……..……………….……………......22 
2. Summary of Sampling Dates………………………………………………………….64 
3. Mean, Standard Deviation (STD) and P-Values…………………………....…….......65 
4. One Way Anova Post-Hoc Test……………………………………………………….66 
5. Mean, Standard Deviation (STD) and P-Values…………………………....…….......67 
6. Mean of Instantaneous Growth and Grazing Rates…………………………………...68 
7. Sampling Dates, Locations and POC Flux…………………………………………..106 
8. Relative Abundance of Protist and Cyanobacteria Sequences in Water Column and 
Trap Material…………………………………………………………………….......107 
9. Sampling Dates and Locations……………………………………………………….139 
10. Particulate Organic Carbon and Cell Specific Flux of Prochlorococcus MIT 9312 and 
9313 and Synechoccocus Clade II and III…………………………………...............140 
11. Particulate Organic Carbon and Carbon Flux of Prochlorococcus MIT 9312 and 9313 
and Synechoccocus Clade II and III…………………………………........................141 
 
 
 
 
 
 
 
  vii 
LIST OF FIGURES 
Figure                Page 
1. Eukaryotic Phylogenetic Tree………………………………………............................23 
2. A Schematic Depiction of a Planktonic Food Web with Three Examples of Export 
Pathways……………………………………………………………………………...24 
3. Station Locations of the Four Cruises Overlaid on a Map of Satellite-Derived Sea 
Level Anomaly…………………………………………………………………..……69 
4. Temperature, Fluorescence and Nutrient Profiles 2011…….....………………….......70 
5. As in Fig. 4 for 2012 ………………………………………………………………….71 
6. Integrated Abundance and Biomass………………………………………………......72 
7. Taxon Specific Ratio of Grazing and Growth Rates………………………………….73 
8. Taxon Specific Growth Rates…………………………………………………………74 
9. Integrated Primary Productivity……………………………………………………….75 
10. Taxon Specific PG as a Function of PP……………………………………………...76 
11. Map of the Stations Sampled During Winter and Summer 2011-2012…………….108 
12. Relative Abundances in the Water Column………………………………………...109 
13. Relative Abundances in Particulate Material……………………………………….110 
14. Relative Abundance of Autotrophic Protist Found in the Trap Material vs the Water 
Column………………………………………………………………………………111 
15. Relative Abundance of Heterotrophic Protist Found in the Trap Material vs the Water 
Column………………………………………………………………………………112 
 
 
  viii 
Figure                Page 
16. Relative Abundance of Cyanobacteria Found in the Trap Material vs the Water 
Column………………………………………………………………………………113 
17. Difference of the Relative Abundance of Protist (A) and Cyanobacteria (B) in the 
Water Column (20 &100 m) and Trap Material (150 m)………………………...….114 
18. Dendograms of Similarities in the Water Column………………………………….115 
19. Dendograms of Similarities in the Trap Material…………………………………..116 
20. Cyanobacterial Cell Abundance…………………………………………………....142 
21. Contribution of Synechococcus Clade- and Prochlorococcus Strain-Specific……..143 
 
 1 
 
INTRODUCTION 
 
1.1 The biological carbon pump and carbon export 
The ocean is responsible for almost 50% of the global primary production (Field 
et al., 1998). Two mechanisms help sequester the carbon and limit CO2 accumulation in 
the atmosphere: the physical and the biological pump. The physical pump dissolves 
carbon dioxide and transports it downward as cold and dense water masses sink, as part 
of the ocean’s overturning circulation (Falkowski et al., 2000; Neuer et al., 2014). The 
biological carbon pump is a combination of different biological processes (Volk & 
Hoffert, 1985), and it is the only process that buries carbon over geological time scales at 
the deep sea floor and sediments (Passow & Carlson, 2012; Neuer et al., 2014). Through 
photosynthesis, the phytoplankton community converts atmospheric CO2 to particulate 
and dissolved organic carbon (POC and DOC; Figure 1) within the euphotic zone (i.e., 
the 1% isolume depth, ca. 100m). Only between 1 and 25% of this carbon is successfully 
exported below the euphotic zone (De La Rocha & Passow, 2007; Martin et al., 1987; 
Neuer et al., 2002), while its largest portion is recycled and respired back into the 
atmosphere (Bishop et al., 1978; Martin et al., 1987). In addition, remineralization of 
organic matter further reduces the POC flux in the mesopelagic zone, and most of the 
flux attenuation occurs between 150 m and 1000 m (Buesseler, 1998; Helmke et al., 
2010; Martin et al., 1987). Ultimately, less than 1% of primary production reaches the 
deep-sea (Martin et al., 1987; Neuer et al., 2014; Passow and Carlson, 2012). 
POC in itself has the same density as seawater (Honjo et al., 2008). Therefore to 
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be able to sink below the euphotic zone, these particles need to be packaged into 
aggregates, or fecal pellets, or combined together in what is called marine snow (De La 
Rocha & Passow, 2007; Honjo et al. 2008).  
Sinking particles are collected using sediment traps. There are many different 
designs (Neuer et al. 2014), but one that is commonly used in shallow deployments are 
Particle Interceptor Traps (PITs), which are approximately one-meter-long cylinders with 
a 90-mm diameter Poretics polycarbonate membrane at their base (Buesseler 1998; 
Knauer et al., 1979). There is some bias connected with trap collections of particles, such 
as hydrodynamics, presence of “swimmers”, and solubilization of the collected particle 
material (Burd et al., 2010). However, there are no other tools available to collect 
effectively the flux of particles in the ocean, and this sampling technology has been 
widely used to quantify carbon export and to investigate the composition of particulate 
matter (Buesseler 1998; Buesseler et al., 2006; Hung and Gong, 2007; Lomas & Moran 
2011; Lomas et al., 2013; Neuer et al. 1997, 2007; Schnetzer & Steinberg, 2002). 
Due to degradation, reworking, and consumption by grazers, the identification of 
the composition of the particulate flux has been a major challenge (Table 1). Different 
molecular biomarkers have been used over the past decades to track the source and 
degradation of the sinking particles (Lee et al., 2004). Welschmeyer and Lorenzen (1985) 
used chlorophyll a and its degradation products (pheopigments) to assess the processes 
that were controlling the phytoplankton community and carbon flux. The authors 
hypothesized that the pheopigments (an indicator of grazing) found in the trap material 
were derived exclusively from meso- or macro-zooplankton fecal pellets. Conover et al. 
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(1986) suggested that caution is needed when using pigment analysis, because they found 
that during digestions up to 90% of the pigment ingested by copepods was metabolized 
into non-fluorescent compounds. Wakeham et al. (2009) targeted organic components, 
such as amino acids, lipids, and pigments, of the sinking particle material in the 
Mediterranean Sea. They found that spring diatom blooms were linked with higher “fresh 
export” characterized by a high contribution of fast sinking fecal pellets, while during the 
summer the cells were more degraded by heterotrophic bacteria and the flux was lower 
and characterized by slow sinking rates. Salter et al. (2010) also used lipid biomarkers to 
identify the composition of the particulate flux. However, these approaches cannot 
identify the composition of the particulate material at the taxonomic level, and the 
different biomarkers are differentially affected by degradation (Lee et al., 2004). 
Amacher and collegues were pioneers in using DNA-based techniques to target the 
composition of the particulate material (Amacher et al., 2009 & 2013). They used 
denaturing gradient gel electrophoresis (DGGE) and clone libraries to study the link 
between the plankton diversity in the water column and the composition of the particulate 
material collected by shallow traps at two stations in the oligotrophic subtropical North 
Atlantic. These approaches provided a “fingerprint” of the community. In 2013, Li et al. 
(2013) made a major step forward using quantitative Polymerase Chain Reaction (qPCR) 
techniques to quantify specific taxonomical groups of primary producers in the trap 
material in the North Pacific gyre. The DNA molecule is stable and multiple studies have 
shown that it can be detected even if partially digested (Frischer et al., 2014; Martin et al 
2006; Nejstgaard et al., 2008; Troedsson et al., 2009). However, the quantification of 
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prey in the gut and fecal pellets of some marine zooplankton may be underestimated 
(Durbin et al., 2012). For example, Durbin et al. (2012) found that copepods are capable 
of digesting their prey fairly rapidly, showing a significant decline in the prey DNA in 
their fecal pellets. The authors suggested that the reason behind this sharp decline in 
DNA in the fecal pellets may be because copepods macerate their food as soon as they 
ingest it (Miller et al., 1980). On the other hand, studies carried on gelatinous larvae 
(Troedsson et al., 2007) or on pelagic tunicates (Frischer et al., 2014) showed that prey 
DNA quantification in fecal pellets is reliable and accurate. Overall, DNA-based 
techniques allow us to track many kinds of organisms (with or without pigments, soft or 
hard-bodied) in particles that are not easily identifiable, such as sediment trap material 
and fecal pellets (Amacher et al., 2013; Cleary et al., 2012; Fontanez et al., 2015; Li et 
al., 2013).  
 
1.2 The microbial community and carbon export pathways 
Determining the composition of particulate material does not necessarily answer 
some important ecological questions, such as which trophic pathways contribute the most 
to the carbon export. 
As stated above, the carbon generated by the primary producers is exported below 
the euphotic zone mainly by aggregation and through fecal pellets (De la Rocha & 
Passow, 2015; Honjo et al., 2008).  
It was once thought that among all the phytoplankton, only micro-phytoplankton 
(20-300 µm) were contributing significantly to the carbon export by forming heavy 
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aggregates and sinking gravitationally (Passow et al., 1994; Wassmann et al., 1998). 
Pico- and nano-phytoplankton (<5 µm) were thought to export a very small part of the 
total POC, because of their small size, negligible sinking rates, and tight grazer control 
within the microbial loop, leading to high recycling rates instead of export (Azam et al., 
1983; Stoecker, 1984; Verity et al., 1993; Welschmeyer & Lorenzen, 1985). However, 
Richardson and Jackson (2007), using a modeling study, showed that all phytoplankton, 
even pico-phytoplankton, may play an important role in the export of carbon, suggesting 
that their contribution to carbon export may be proportional to their contribution to 
primary production. This hypothesis changed the traditional view of the food web and 
carbon export, and has challenged the oceanography community (Amacher et al., 2013; 
Guidi et al., 2016; Lomas & Moran, 2011; Stuckel & Landry, 2010; Stuckel et al., 2013).  
In order to understand carbon export in oceans where pico- and nano-
phytoplankton are the main primary producers, we need to investigate microbial trophic 
dynamics within the euphotic zone. These unicellular primary producers are generally 
composed of autotrophic protists (eukaryotes) and pico-cyanobacteria (prokaryotes). 
Their main grazers are other heterotrophic protists, such as ciliates and dinoflagellates 
(Lessard & Murrell, 1998; Lomas et al., 2013; Verity et al., 1993; Worden & Binder, 
2003) (Fig. 1, personal communication by Sandra Baldauf; Baldauf, 2008). 
In the recent literature, three distinct pathways for the export of pico- and 
nanophytoplankton have been hypothesized (Figure 2): 
1) Incorporation of ungrazed pico- and nano-phytoplankton into sinking aggregates. 
(Richarsdon & Jackson, 2007; Figure 2, 1
st
 export, DIRECT) 
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2) Grazing of pico- and nano-phytoplankton by salps or by mesozooplankton such as 
the planktonic crustaceans (copepods and euphausiids) and subsequent export as 
fecal pellets (Richardson & Jackson, 2007; Wilson & Steinberg, 2010; Figure 2, 
3
rd 
 export, DIRECT). 
3) Predation by mesozooplankton on phagotrophic protists that have consumed pico- 
and nano-phytoplankton  within the microbial loop and subsequent export as fecal 
pellets (Landry et al., 2009; Stuckel & Landry, 2010; Stuckel et al., 2011; Figure 
2; 2
nd
 export, INDIRECT). 
The main assumption that is behind both types of direct export is that all or some 
of the primary production by pico- and nano-phytoplankton is not utilized by the 
protistan grazers. In this scenario the growth rates of the autotrophic prey exceed the 
micro-grazing rates (i.e., the uncoupled scenario, Fig. 2). On the other hand, indirect 
export would be predominant in a situation where the growth rates are matched by 
grazing rates of the micro-grazers (i.e., the coupled scenario). In this latter case, the 
primary production by the pico- and nano-phytoplankton will be recycled entirely within 
the euphotic zone instead of being exported (Figure 2, 2
nd
 export). 
It is well known that fecal pellets of meso-zooplankton and filter feeding macro-
zooplankton, such as salps (planktonic tunicates, 2-10 cm long), are an important vehicle 
of carbon export (Figure 1; Honjio et al., 2008; Stone & Steinberg, 2014; Sutherland et 
al., 2010; Wilson et al., in review). Salps are capable of filtering large amounts of 
seawater and consume the pico- and nano-phytoplankton that surround them, as small as 
0.1 µm in size (Sutherland et al., 2010). Pfannkuche and Lochte (1993) and Silver and 
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Bruland (1981) found that the prey contained in salp fecal pellets changed depending on 
the plankton availability in the water column, and that salps produce large, dense fecal 
pellets with some of the highest sinking rates known (Wilson et al., in review). On the 
other hand, meso-zooplankton are not capable of directly feeding on single pico- and 
nano-sized cells (Wilson et al., 2008), and many are also highly selective predators (Chen 
et al., 2013; Kleppel 1993; Schnetzer & Steinberg 2002). They can feed on aggregates 
(see direct export scenario in Figure 2, Wilson & Steinberg, 2010) or on micro-grazers 
(see indirect export scenario in Fig. 2, Stukel et al., 2011). Their fecal pellets have high 
sinking rates (Wilson et al., 2010) and they are often surrounded by protective pellicles 
that protect the particles from remineralization (Gauld, 1957).  
In this dissertation, I will address for the first time the impact of coupled and 
uncoupled relationships between pico- and nano-phytoplankton and the micro-grazing 
community on the carbon export in the Sargasso Sea.  
 
1.3 Our study site, the Sargasso Sea  
Pico- and nano-phytoplankton are the dominant primary producers in oligotrophic 
oceans (Cotti-Raush et al., 2016; De Martini et al., in prep.; Durand et al., 2001; Lomas et 
al., 2013). Therefore these regions are the perfect laboratory in situ to investigate the link 
between microbial trophic dynamics and carbon export. A good representative of the 
oligotrophic oceans is the Sargasso Sea, located in the western subtropical North Atlantic 
gyre. In this region, lies one of the most studied oceanographic time-series stations, the 
Bermuda Atlantic Time Series station (BATS; Lomas et al., 2013). This region is 
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stratified during most of the year, with the exception of the winter season when, due to 
strong winds and cooling, deep convective mixing occurs (Cianca et al., 2007; Lomas et 
al., 2013). An important peculiarity of this area is the presence of mesoscale features, also 
called eddies (McGillicuddy et al. 2001; Mouriño-Carballido 2009). These features are 
connected with the uplift and/or down-shift of the seasonal thermocline and nutricline (a 
depth in the water column that shows a rapid change in temperature or concentration of 
nutrients, respectively), changing the availability of nutrients in the euphotic zone 
(Cianca et al., 2007; Mourino, 2009; Sweeney et al., 2003). 
Oligotrophic oceans are responsible for ~ 50% of global carbon export (Lomas et 
al., 2009; Passow & Carlson, 2012), but how much their tiny primary producers are 
contributing to the POC flux is still unclear (Worden et al., 2015). It is predicted that 
oligotrophic oceans will become larger in a warmer ocean (Falkowski et al., 1998; 
Flombaum et al., 2013; Moran et al., 2010). However, exactly how this will impact the 
efficiency of the biological carbon pump is still under discussion (Passow & Carson, 
2012; Marsay et al., 2015; Steinacher et al., 2010; Teng et al., 2014;). Richardson & 
Jackson (2007) hypothesized that pico-sized primary producers contribute to export 
proportionally to their primary production in the water column, but we still do not have 
enough robust field data to support their hypothesis (Li et al., 2013; Lomas & Moran, 
2011; Stukel et al., 2013). 
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1.4 The objectives of this dissertation 
The overall goal of this study is to investigate the trophic dynamics within the 
microbial loop and its impact on the export of carbon in the context of mesoscale and 
seasonal variability in the Sargasso Sea. Specifically, I wanted to investigate three aspects 
of the pico-and nano-phytoplankton community and their roles in the biogeochemical 
cycles of oligotrophic oceans that are still unresolved: 
1) How micro-zooplankton grazing and physical forcing affect taxon specific 
primary productivity in the Sargasso Sea. 
2) How the link between growth and grazing rates of pico- and nano-
phytoplankton impact primary producer contribution to the export of 
particulate matter. 
3) How much pico-phytoplankton, specifically the pico-cyanobacteria 
Synechococcus and Prochlorococcus, contribute to carbon export. 
I hypothesize that when pico- and nano-phytoplankton growth and grazing rates 
are uncoupled (growth rates exceeding grazing rates), their direct contribution to export 
will be higher than when they are in a coupled scenario. In this latter scenario, those 
primary producers will be underrepresented in the composition of the trap material. 
To determine the phytoplankton growth and grazing rates, I used the Landry-
Hassett dilution method with two-point modification (Landry & Hassett, 1982; Landry et 
al., 2008; Selph et al., 2011) This method allowed me to separate autotrophic from 
heterotrophic processes, and to determine both the phytoplankton instantaneous growth 
rates (µ) and the micro-zooplankton grazing rates (g) by diluting the seawater sampled at 
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each station with particle free water from the same site and depth (Landry & Hassett, 
1982; Landry et al., 1984).The dilution technique is based on three assumptions: 1) the 
instantaneous growth rate of any phytoplankton group is not influenced by the dilution of 
the natural seawater with particle free water; 2) the probability that a phytoplankton will 
be grazed by a consumer is directly related to the abundance of the prey, i.e., the grazing 
rate is a linear function of dilution; and 3) the change in the abundance of the 
phytoplankton community over time can be expressed by the exponential growth 
equation (1): 
 
Pt=P0 e 
(µ -xg)t
           (1), 
 
where P0 and Pt are the initial and the final abundances or biomass of bulk or 
specific phytoplankton groups, t is time (in units of days, d), µ is the instantaneous 
phytoplankton growth rate (d
-1
), g is the grazing mortality (d
-1
), and x represents the 
dilution factor (Landry & Hassett, 1982; Landry et al., 1984; Neuer & Cowles, 1994). 
The parameters µ and g are calculated as the y-intercept and the slope of the linear 
regression of k plotted against the dilution factor, where k=1/t ln (Pt/P0) (Landry & 
Hassett, 1982; Landry et al., 1984). For the two-point dilution, this converts 
mathematically to solving Eq. 1 for µ and g (Landry et al., 2008).  
In combination with these experiments, I also deployed surface tethered Particle 
Interceptor Traps to collect sinking particles from below the euphotic zone at 150 m. I 
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determined the taxonomical composition of the particulate material collected by the traps 
using DNA-based techniques. 
The specific chapters of my dissertation are as follows: 
 Chapter 1: Taxon specific phytoplankton primary productivity and micro-
zooplankton grazing loss in different seasons and mesoscale features in the 
Sargasso Sea In this study we investigated taxon specific growth and micro-
zooplankton grazing rates in the Sargasso Sea. Our ultimate goal was to 
understand how the interaction between micro-grazing and physical forces 
impacts the primary producers in this region. We compiled data from four cruises 
(winter and summer, for 2011 and 2012) with sampling at BATS and in the 
mesoscale eddies found in the surrounding area. We used dilution experiments to 
calculate growth and grazing rates, primary production and production grazed of 
the pico- and nano-phytoplankton community.  
 Chapter 2: Relative contribution of cyanobacteria and protists in the water 
column and in the sediment trap material in the Sargasso Sea. In this study, 
we used 454 pyrosequencing to determine the taxonomical composition of the 
plankton community within the euphotic zone and their contribution to the trap 
material found at 150m during winter and summer 2011-2012 at and around 
BATS. The ultimate goal of the research described in this chapter was to 
understand how microbial trophic dynamics within the euphotic zone impact the 
taxonomical composition of the trap material. 
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 Chapter 3. Clade and strain specific contribution of Synechococcus and 
Prochlorococcus to carbon export in the Sargasso Sea. In this study, we used 
qPCR techniques to target the two most dominant pico-primary producers in the 
Sargasso Sea, Synechococcus and Prochlorococcus. Our goal was to quantify the 
export of the different clades of these pico-cyanobacteria in the context of their 
trophic utilization in the euphotic zone. We intend to submit this manuscript to the 
ISME Journal (International Society for Microbial Ecology). 
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Tables 
Table 1. Limitation of different molecular biomarkers used in literature to 
characterized the sources, form and status of particulate organic matter in deeper oceans.  
 
 
 
 
 
 
 
 
 
 
 
 
Studies
Pigments
Lipids
Aminoacids
 Bridoux et al. (2015) 
DNA
Biomarkers
Welschmeyer & Lorenzen (1985); Wakeham et al. 
(2009); Lee et al. (2000); Lomas &Moran (2011); 
Buamann et al. (2014); Mackinson et al. (2015) ; 
Stuckel et al. (2013) 
Limitation/Target of the technique
Loh et al. 2008;  Wakeham et al. (2009; 1997); Salter 
at al. (2010); Close et al. (2013) 
Amacher et al., (2009 & 2013);  Li et al. (2013); 
Fontanez et al., (2015)
Taxonomic resolution limited to 
autotrophic groups; cells needs to be 
healthy and ungrazed
No taxonomic resolution, only potential 
sources of the organic matter and of its 
"quality"
No characterization of any organic 
matter source, just indicators of 
decomposition and transport of the 
organic matter
Small database, need of large water 
volume, not quantitative
Possible understimation due to 
digestion
Wakeham et al. (1997; 2009); Lee et al. (2000)
Protein 
(Metaproteomic 
analyses)
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Figures 
 
Figure 1.Updated version of the Baldauf, 2008 eukaryotic phylogenetic tree (personal 
communication by Sandra Baldauf) 
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Figure 2. A schematic depiction of a planktonic food web with three examples of 
export pathways.  Red boxes and red arrows indicate processes of the microbial loop. 
Purple box and purple arrows represent the incorporation of ungrazed pico- and nano-
phytoplankton into sinking aggregates (1st export pathway, direct). Olive green box and 
arrows represent an indirect export pathway by mesozooplankton consumption of the 
micro-grazers (2nd type of export pathway, indirect). Orange boxes and arrows represent 
grazing by salps on individual pico- and nano-pythoplankton or by mesozooplankton of 
pico- and nano-phytoplankton aggregates (3rd type of export pathway, direct).   
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2.1 Abstract  
The role of micro-grazers in controlling primary production and its variability is 
still unclear in oligotrophic oceans such as the Sargasso Sea. In this study we investigated 
taxon-specific growth and micro-zooplankton grazing rates of the phytoplankton 
community (Synechococcus, Prochlorococcus, pico- and nano-eukaryotic phytoplankton, 
and diatoms) in the Sargasso Sea in late winter and summer, targeting different mesoscale 
features. Our goal was to understand how the interaction between micro-zooplankton 
grazing and physical forcing affects primary productivity in this region. We found that, 
while variable, integrated primary productivity closely matched the grazing loss for the 
different taxonomical groups, and did not show any statistical differences between 
seasons and mesoscale features. Instead, micro-grazer selectivity seemed to be driving 
variability in primary productivity between taxa encountered under the same physical 
conditions. Generally, cyanobacterial and autotrophic protist communities grew at high 
rates (averages 0.32 d
-1
 ± 0.17 and 1.1 d
-1
 ± 1.06, respectively) often coupled by high 
grazing rates (averages 0.3 d
-1
 ± 0.13 and 1.32 d
-1 
± 1.22, respectively). Despite these 
high growth rates, the autotrophic protist contribution to the total biomass (~25%) and to 
the primary productivity (less than 16%) was much lower than that of cyanobacteria 
(~75% of biomass, and up to 84% of primary productivity), suggesting that the 
heterotrophic community exerted a greater grazing pressure on these groups compared to 
the cyanobacteria, possibly allowing this latter group to be increase in relative abundant 
in the Sargasso Sea. These results, along with the absence of a clear relationship between 
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primary productivity and hydrographical settings, show the importance of taxon specific 
micro-grazer control of phytoplankton production in the Sargasso Sea. 
 
2.2 Introduction  
Oligotrophic ocean gyres are responsible for 25% of global phytoplankton 
primary production (Behrenfeld & Falkowski 1997) and are predicted to become larger in 
a future warmer world (Polovina et al., 2012). The euphotic zone of these biomes, as 
exemplified by the Sargasso Sea located in the western subtropical Atlantic gyre, are 
characterized by low concentrations of nutrients and low biomass of primary producers, 
dominated by pico- (cells ≤ 2 µm) and nano- (cells > 2 µm and ≤ 5 µm) phytoplankton 
(Durand et al., 2001; Glover et al., 1988; Lomas et al. 2013; Rii et al., 2008; Worden & 
Binder, 2003), but with high phytoplankton cell-division rates of about one doubling/day 
(Lessard & Murrell, 1998; Worden & Binder, 2003) . The discrepancy between low 
phytoplankton biomass and high growth rates may be explained by high grazing rates by 
the microzooplankton community (Lessard & Murrell, 1998; Worden & Binder, 2003).  
Since 1988, the seasonal patterns of phytoplankton biomass and primary 
productivity in the Sargasso Sea have been studied and documented by monthly sampling 
at the Bermuda Atlantic Time-series Station (BATS) (Lomas et al., 2013). In summer, the 
water column at BATS is highly stratified (mixed layer depths of 10-20m,), while mixed 
layer depths in late winter/spring range from 100-400 m due to cooling and convective 
mixing (Cianca et al., 2007; Lomas et al., 2013). Winter mixing, reinforced by the 
passage of winter storms, entrains nutrients into the euphotic zone, generating episodic 
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production events between January and March (Lomas et al., 2009); integrated net 
primary productivity (NPP) increased by 60% during the winter/spring periods from1988 
until 2007 due to the enhancement of winter/spring convection (Lomas et al., 2010).  
The nutrient supply in this region is not only the product of convective mixing 
events, but also of the passage of mesoscale eddies (Bibby & Moore, 2011; Cianca et al., 
2007; Li & Hansell, 2008; McGillicuddy et al., 1999; Mouriño-Carballido, 2009). It has 
been estimated that the annual nitrogen flux resulting from the winter convection 
processes is approximately 0.17 mol N m
-2
 at BATS (Cianca et al., 2007; Michaels & 
Knap, 1996), while the magnitude of the eddy-induced nitrogen input has been calculated 
to be higher but more episodic (up to 0.35mol N m
-2
 y
-1
) (Cianca et al. 2007; 
McGillicuddy et al., 1997,1998). These eddies are ubiquitous high-energy features often 
referred to as ‘‘internal weather of the sea’’ (Benitez-Nelson & McGillicuddy, 2008) 
because they may modify the typical seasonal scenario, either increasing or decreasing 
primary productivity depending on the type of eddy (McGillicuddy et al., 1998; Lomas et 
al., 2013). There are three different types of mesoscale eddies: cyclonic, anti-cyclonic, 
and mode water eddies (Bibby et al., 2008; McGillicuddy et al., 1999, 2001; Mouriño-
Carballido, 2009). While cyclonic and mode water eddies typically increase primary 
productivity because they cause an uplift of the seasonal thermocline and increase 
nutrient flux into the euphotic zone (Bibby & Moore, 2011; Mouriño-Carballido, 2009), 
anti-cyclonic eddies are characterized by a deepening of the nutricline, generally leading 
to a decrease in productivity and a positive sea-level anomaly (SLA) (McGillicuddy et 
al., 1999; Sweeney et al., 2003).  
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To understand what controls primary productivity in the Sargasso Sea, however, 
we need to know not only what physical factors determine nutrient availability, but also 
how ecological processes, for example grazing, affect community composition and 
productivity. We still have limited knowledge about how grazing regulates phytoplankton 
population dynamics and, ultimately, primary productivity in the Sargasso Sea. In the last 
two decades, our knowledge of protist ecology has grown and we now recognize the 
immense taxonomic diversity and physiological complexity of these tiny unicellular 
eukaryotes (DeVargas et al., 2015). Phagotrophic protists, such as nanoflagellates, 
ciliates, and dinoflagellates, are capable of species-specific feeding behavior that affects 
the composition of the autotrophic community creating a close grazer-prey association 
(Worden & Binder, 2003; Sherr et al., 2006; Strom et al., 2002, 2007). In the Sargasso 
Sea, there have only been two studies investigating the micro-grazer control of the 
autotrophic community, and both studies found that even though the pico-cyanobacteria 
and the phytoplankton (by Chl-a) community were growing at high rates, the tight grazer 
control exercised by the micro-zooplankton community kept the autotrophic biomass at a 
low level (Lessard & Murrell, 1998; Worden & Binder, 2003). Studies in other 
oligotrophic environments have also found that protist grazing pressure regulates the 
abundance and size of the phytoplankton community (Quevedo & Anadon, 2001 in the 
subtropical north-east Atlantic; Zhou et al., 2014 in the South China Sea), suggesting the 
potential for top-down control exerted on the phytoplankton (Banse, 2011; Strom, 2002).  
Here we present a comprehensive study on the taxon specific phytoplankton 
growth and micro-grazing dynamics in the Sargasso Sea during different seasons and in 
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different types of mesoscale features in the vicinity of BATS. Our goal was to understand 
how the interaction between grazing and different hydrographical processes affects 
primary productivity in the Sargasso Sea. 
 
2.3 Material and Methods  
2.3.1 Sampling area and dilution experiments 
We conducted four cruises in the Sargasso Sea during the winter-spring 
transitions and the summers of 2011 and 2012 on the RV Atlantic Explorer, sampling at 
BATS and in the mesoscale eddies in the surrounding area. BATS served as a reference 
station for the first three cruises, as indicated by an almost neutral SLA measurement 
(Fig.3, SLA ~0). During the fourth cruise (summer 2012), BATS was located at the edge 
of a young cyclonic eddy (Table 2, Fig. 3). Real time SLA images (provided by D. 
McGillicuddy, WHOI) taken before and during each cruise were used to identify the eddy 
type, its location and age (Fig. 3, Table 2). We sampled for and analyzed concentrations 
of nitrate, phosphate and silicate at the standard BATS sampling depths at each station 
(see Lomas et al., 2013 for details on sampling and analysis methodology). We used 
these data to calculate the resource supply index (RSI, unit in mmolN kg
-1
) (Maranon et 
al., 2014) which is calculated from the concentration of nitrate at the base of the euphotic 
zone, density differences between surface and 100m (euphotic zone depth) and the depth 
of the mixed layer at each station. This index provides information on the nutrient 
distribution in the water column as a function of vertical stratification and can be grouped 
into three categories low (< 10 mmolN kg
-1
), intermediate (between 10 and 20 mmolN 
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kg
-1
) and high (>20 mmolN kg
-1
) (Maranon et al., 2014). To calculate growth and grazing 
rates, abundance, biomass, and taxonomic composition of the plankton community, 
seawater samples were collected pre-dawn (2:30-4:00 AM local time) at each station 
twice (except AC1 and ACe1), about 48 hours apart (Table 2), using 12L Niskin bottles 
attached to a rosette equipped with a Seabird CTD (Conductivity, Temperature, Depth), 
photosynthetically active radiation (PAR) and fluorescence sensors. Three or four 
different depths were chosen within the upper 100 m (average euphotic zone depth at 
BATS, Siegel et al., 2001) according to the vertical zonation as recorded by the in situ 
chlorophyll fluorometer (i.e., 20 m, 50 m, and 100 m, or bottom of the euphotic zone, 
BEZ, in late winter; the same depths plus one additional, 80 m and/or the depth of the 
Deep Chlorophyll Maximum, DCM, in summer). 
Phytoplankton instantaneous growth rates (µ) and the microzooplankton grazing 
rates (g) were determined using the Landry-Hassett dilution method with two-point 
modification (Landry et al., 1982; Landry et al., 1984; Landry et al., 2008; Selph et al., 
2011). We used the same experimental set-up for each station. For each depth, six clear 
polycarbonate bottles were filled with whole seawater (100%), while another six were 
filled with seawater diluted 1:4 with particle-free water (filtered with a 0.2 µm pore-size 
Pall capsule filter) to achieve 25% seawater dilution. All bottles, silicone tubing, and Pall 
filters were carefully acid washed and rinsed several times, first with MillQ water and 
then with ambient sea water. A new Pall filter was used for each experiment to limit 
contamination between casts. Two replicate bottles per dilution and depth were sampled 
right away for initial time-points (P0) of phytoplankton abundance and biomass (flow 
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cytometry, epifluorescence and inverted microscopy, chlorophyll a). The other replicate 
dilution bottles were incubated in situ for 24 hrs. at the sampling depths (Pt), using a 
custom-designed Plexiglas disk attached to a nylon rope at each depth, except B1b, which 
was incubated on deck due to strong wind. For the experiments at C3a and B3a, we 
carried out a complete set of dilutions (25, 50, 75 and 100%) in an on-deck incubator to 
check the applicability and resolution of the two-point modification.  
We also calculated the taxon specific g/µ ratio for each experiment to determine if 
growth and grazing rates were coupled (g=µ) or uncoupled (µ≥g≤ µ). 
 
2.3.2 Quantification of the cyanobacterial and protist communities 
The protist community (autotrophs and heterotrophs) was quantified using 
epifluorescence and inverted microscopy, while cyanobacteria were quantified using flow 
cytometry (see Lomas et al., 2013). Extracted Chl-a was used as a proxy for bulk 
phytoplankton biomass (Neuer & Cowles, 2004). 
Epifluoresence microscopy. Each sample was fixed with glutaraldehyde (final 
concentration around 0.1 M), and 24hrs later at 4 ˚C with 4’, 6-diamino-2-phenylindole 
(DAPI, final concentration around 0.03 M) (Amacher et al., 2009; Booth, 1987; Neuer & 
Cowles, 1994). Seawater (50 ml or 25 ml, depending on the dilution factor) from the 
initial and final bottles was filtered onto black polycarbonate membrane filters with a 0.2 
µm pore size; filters were then mounted on a microscope slide using immersion oil.  The 
microscope slides were stored at 4˚C onboard ship for until analyses at Arizona State 
University (ASU). Of the experiments conducted at stations B1, C2, and B2, only one 
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replicate could be used because of partial to entire damage to the epifluorescence slides 
(Table 2).  
We used a ZEISS Axioplan Epifluorescence Microscope with a 100x Plan-
NEOFLUAR objective for cell counts. One or more stripes were counted across the filter. 
The eukaryotic plankton community identified by epiflourescence was separated into 
categories based on approximate geometric shape, size, and fluorescence under blue and 
UV light (Amacher et al., 2009; Hansen et al., in prep).  
Pico- and nano-eukaryotic phytoplankton (“pico- and nano-euks”) were grouped 
in two size classes: 1-2 µm (circular shape, mostly prasinophytes and small 
prymnesiophytes), and 2-5 µm (circular or prolate shape, mostly prymnesiophytes, 
recognized by their unique butterfly-shape due to the presence of two chloroplasts). If 
diatoms were present in the sample, we distinguished pennate (long and thin with tapered 
ends) and centric (circular or rectangular) forms in different size categories.  
The protist grazers, heterotrophic nanoflagellates (1-5 µm, circular shape) and 
dinoflagellates (5-20 µm, mostly prolate shape), were identified based on their green 
fluorescence under blue light excitation and the blue fluorescence of their nuclei stained 
by DAPI under the UV light, which is especially bright in dinoflagellates (called 
dinokaryon). 
Taxon specific abundance and biomass were measured at each station and depth. 
The average cellular dimensions of each group were converted to bio-volume based on 
the approximate geometric shape (Hillebrand et al., 1999). The bio-volume was then used 
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to calculate the biomass for each category using equations provided by Menden-Deuer 
and Lessard (2000).  
Inverted microscopy. Ciliates were quantified using a Nikon Elipse TE300 
inverted microscope at 40x magnification. Each sample was fixed with 2.5 % of Lugol’s 
solution (v/v) and collected in 200ml amber bottles. Samples were stored in the dark and 
at room temperature onboard ship, for microscopy analyses at ASU using the Utermöhl 
(1931) method. The entire slide was counted and the ciliates were classified based on the 
classification system introduced by Agatha (2004) and Agatha and Strüder-Kypke 
(2007). We used the carbon-to-volume conversion factors as in Putt and Stoecker (1989) 
to determine the carbon biomass of the ciliates. 
Flow cytometry. Samples were taken from all 48 1-L bottles before and after 
incubation, and 1 ml of seawater was fixed with paraformaldehyde (0.5% v/v final 
concentration) at 4 °C for 1-6hrs, frozen in liquid nitrogen for 24hrs, and then stored at -
80 °C onboard ship until analyses were carried out at the Bermuda Institute of Ocean 
Science (Lomas et al., 2013). The cyanobacterial biomass was estimated as in Casey et al. 
(2013), using seawater collected from casts collected around 10-12 hours after the 
corresponding experimental casts.  
Fluorometry. Chl-a was extracted from seawater samples (250 ml or 400 ml 
depending on the dilution) with 90% acetone, and measured after 24hrs at 4 ˚C in the 
dark onboard ship using a TD 700 Laboratory Fluorometer (non-acidification technique; 
Welschmeyer, 1994). These data were used as a proxy for the phytoplankton biomass in 
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the water column and to calculate the bulk growth and grazing rates of the phytoplankton 
community.  
 
2.3.3 Primary productivity (PP) and production grazed (PG) 
The phytoplankton primary productivity (PP) and the production grazed (PG) for 
each group was calculated using equations 2a and 2b: 
PP= µ *C0 (e
(µ-g)t
-1)/(µ-g)t       (2a) 
PG= g*C0 (e
(µ-g)t
-1)/(µ-g)t       (2b) 
according to Landry et al. (2000, based on Frost, 1972), where C0  was the 
biomass calculated using Menden-Deuer and Lessard (2000) equations for each taxon.  
The cyanobacterial PP and PG was calculated using equations 2a and 2b, where 
C0 was equal to the cyanobacterial biomass calculated as in Casey et al., 2013 (see 
above). While the PP and PG for the bulk phytoplankton was based on Chl-a assuming a 
C:Chl-a value of 50 for C0. 
 
2.3.4 Statistical analyses 
While it is difficult to collect true replicates in a dynamic environment such as the 
open ocean, for the sake of the statistical comparison of taxon specific rates and standing 
stock between seasons and mesoscale eddies, we treated the two consecutive casts 
sampled at each station (separated by 48 hrs) as replicates and assumed that our data were 
representative of the community at each location (Table 2). We calculated the standard 
deviation of the mean of values calculated for the two consecutive casts used as replicates 
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to estimate the error of our results. For growth and grazing rates we used the same 
approach, except for those stations where the replicates were not available. In those cases, 
we quantified the standard deviation of the estimated taxon-specific growth and grazing 
rates derived from initial and final cell counts as described in Taniguchi et al. (2012). 
Also, it is important to note that we reported the growth and grazing rates only when at 
least 30 cells were found in the counting area, assuring a 95% confidence interval 
between ± 30-43% of the cells counted (according to Lund et al. 1958). 
One way ANOVA (p=0.05) was used to test if primary productivity, biomass, 
abundance and trophic dynamics were altered by mesoscale and/or seasonal patterns 
(BATS). The data were tested for equal variance using the Bartlett test; normality was 
not taken into consideration since each station had only two replicates. The Tukey test 
was used as a multiple comparison test to check the differences among the locations in 
case of a p-value of <0.05 (software ‘R’ was used for all the statistical analyses, 
http://www.r-project.org/). 
While we report growth and grazing rates from three different sampling depths 
(20 m, 50 m and either BEZ or DCM) in the water column, we will present only the 
integrated values of biomass, abundance, PP and PG (using a trapezoid integration over 
the average euphotic zone depth of 100m) for the sake of brevity.  
All our data are available at the Biological and Chemical Oceanography Data 
Management Office (BCO-DMO).  
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2.4 Results 
 
2.4.1 Hydrography and chlorophyll distribution 
The euphotic zone depth among all the stations sampled ranged between 95 and 
110m based on the depth of the 1% surface irradiance (data not shown). During the 
summer the water column was strongly stratified, with little variability in temperature 
(surface ranging from 27-28 °C) and deep chlorophyll maximum (Chl-a concentration 
around 0.3-0.40 µg L
-1
). During the winter, on the other hand, the mixed layer was 
usually up to 150 m deep, besides B1, with higher variability between station in surface 
temperature (between 18 and 21 °C) and Chl-a  concentration (between 0.08 µg L
-1 
±0.006 and 0.32 µg L
-1
 ±0.04) (Fig. 4 and 5). B1 was a special station because it 
coincided with a storm passage between the timing of the two casts causing a deepening 
from 30 m to 200 m and surface cooling of 0.7 °C (Fig. 4).  
The only stations with high and intermediate RSI were B1 (averaged value 29 
mmolN kg
-1
) and C2 (averaged value 12 mmolN kg
-1
, Table 2), while all the other 
stations had a low RSI (between 9 and 0.07 mmolN kg
-1
, Table 2). Specifically, the 
nitrate plus nitrite concentrations reached values above 1 µmol L
-1
 within the euphotic 
zone only at B1, C2, and ACe4 (values at the DCM were 1.44±0.23 µmol L
-1
; 3.36±0.25 
µmol L
-1 
; 2.15± 1.86µmol L
-1
, respectively), while phosphate concentrations were 
between un-detectable and 0.09 µmol L
-1 
in 90% of the stations sampled, except at the 
DCM of C2 (0.13 ±0.01 µmol L
-1
) (Fig. 4 and 5, and Table 2). The mesoscale eddies 
sampled in this study varied in age between 1 to 6 months (Table 2). 
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2.4.2 Protist and cyanobacterial plankton communities 
During both years, Synechococcus and Prochlorococcus were the most abundant 
groups among all the taxa (Fig. 6A), contributing together for 75% of the total 
autotrophic biomass (Fig. 6B), and they were the only taxa that showed a distinct 
seasonal pattern. Synechococcus had higher biomass and cell density during winter 2011 
and 2012 (B1, C3 and B3) than during the two summers (Fig. 6A and B, Table 3 and 4, 
p=0.0028, One way ANOVA), while, as expected, Prochlorococcus was more abundant 
during the summer (with the exception of the cyclonic eddy C2) compared to the winter 
(p<0.05 for abundance and biomass, Table 3 and 4). 
The highest contribution to the integrated biomass and abundance of 
Synechococcus was recorded at B1 (76%), mirrored by the lowest contribution to the 
integrated abundance and biomass of Prochlorococcus (around 16-22%). On the other 
hand at ACe4, Prochlorococcus reached its highest contribution (around 64% for 
biomass, and 95% for abundance), followed by Synechoccocus lowest integrated 
abundance and biomass (4% and 16%) (Fig. 6A and 6B) (Table 3).  
Within the phototrophic protist community, the nano-euks contributed around 15 
% of the total autotrophic biomass (between 60 and 186 mg C m
-2
, Table 3 and Fig. 6B), 
while the pico-euks were around 1% of the total autotrophic biomass estimated (range 
between 1.2 and 8 mg C m
-2
, Table 3 and Fig. 6B), without exhibiting any specific 
pattern related to seasonality and or mesoscale eddy activity (Table 3, p >0.05 one way 
ANOVA). Overall, the integrated biomass of the entire phytoplankton community (based 
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on Chl-a) was statistically different during the four cruises sampled, with biomass greater 
at B1 than at B2 and at B4 (p=0.0156, Table 3 and 4). 
 Within the heterotrophic protistan community, heterotrophic dinoflagellates 
contributed more to biomass (76-168 mg C m
-2
, around 72% of the total heterotrophic 
protist biomass) than the heterotrophic nanoflagellates (2-47 mg C m
-2
 , around 13%) and 
ciliates (12-90 mg C m
-2
, around 15%) (Table 3). It is important to note that we could not 
distinguish mixotrophic dinoflagellates from the heterotrophic ones that had chloroplasts 
ingested in food vacuoles. For this reason we grouped them together under heterotrophic 
dinoflagellates. Phototrophic dinoflagellates were absent from our samples.  Overall the 
distribution of the heterotrophic grazers did not show a specific pattern related to either 
seasons or eddy activity (p>0.05, One way ANOVA, Table 3). 
 
2.4.3 Growth and grazing rates 
We incubated on deck water from 50m depth during spring 2012 (C3a and B3a) 
to compare the growth and grazing rates of the two-point analysis with the complete set 
of dilutions (25, 50, 70 and 100%). The results were within the error of each approach, 
supporting the assumption that under equal environmental conditions, the two-point 
dilution is a reliable substitute for the full dilution method (data not shown). 
Generally, cyanobacterial and autotrophic protist communities grew at high rates 
(average growth rates 0.32 d
-1 
± 0.17 for cyanobacteria, 0.4 d
-1
 ± 0.13 for pico and nano-
euks, and 1.8 d
-1
 ± 0.4 for diatoms), but most of the time they were grazed just as fast 
 40 
 
(average grazing rates 0.3 d
-1 
d
-1 
± 0.13, 0.46 d
-1 
± 0.13, 2.19 d
-1 
± 0.3, respectively, Table 
4), leading to a coupled relationship (Fig. 7).  
Specifically, at 20m and at 50m, the grazing and growth rates of Synechococcus 
were highly coupled during all the summer cruises (e.g. 20m C2a µ 1.7 d
-1
 g=1.5 d
-1
; 50m 
B2a µ=0.5 d
-1
 g= 0.6 d
-1
), while during the spring cruises the growth rates were 
significantly higher than the grazing rates (e.g. 20m C3a µ =0.6 d
-1
  g=0.07 d
-1
; 50m AC1 
µ =0.7 d
-1 
g=0.2 d
-1 
) (p>0.050, one way ANOVA, Table 4) (Fig. 7). At the DCM, the 
growth of Synechococcus was higher than the grazing rates only at B3a, b and B4a (Fig. 
7). Also, at this depth during the entire spring 2011 the growth rates of the community 
were negative (Table 5). The growth and grazing rates of Synechococcus were not 
statistically different among all stations, likely because of the large variability between 
replicate casts (p>0.050, one way ANOVA, Table 5). Like Synechococcus, the growth 
rates of Prochlorococcus (e.g. 20m between 0.2 and 0.8 d
-1
) during the spring at 20 and 
50m exceeded its grazing rates (e.g. 20m between 0 and 0.15 d
-1
), while during the 
summer the community was either in a coupled relationship or the grazing pressure was 
higher than the growth rates (Fig. 7). On the other hand, at the DCM Prochlorococcus’ 
growth exceeded grazing rates only in few stations during the summer season (C2a, 
AC4b, ACeb, B4a), while during the spring, the rates were either coupled, or the grazing 
was higher than the growth (Fig. 7). Prochlorococcus’ growth rates were higher at C2 
(DCM) compared to B1 (BEZ) (Table 4, p=0.05, one-way ANOVA).  The grazing rate on 
the Prochlorococcus community at 50 m was lower at B1 and at C3 compared to AC4 
(p=0.04; p=0.04) and ACe4 (p=0.03; p=0.03) (Table 4). Generally, there was no 
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relationship between ambient nutrient concentration and growth rates for both 
cyanobacteria (Fig. 8A, B and C). Synechococcus recorded the highest growth rates at 
colder temperatures, while the opposite was true for Prochlorococcus (Fig. 8 A, B and C)  
Within the autotrophic eukaryotic community, the growth rates of the pico- and 
nano-euks were either negative or matched the grazing rates in around 70-80% of the 
experiments (p>0.05, One Way ANOVA, Table 5, Fig. 7). Specifically at 50m, the 
growth rates of the pico and nano euks were exceeding grazing rates only at B1a (µpico 
=1.6d
-1
; µnano=2.1 d
-1
), B2b (µpico =0.9 d
-1
, µnano=0.6 d
-1
), and C3b (only µpico=1.1 d
-1
), 
while at the DCM only at ACe1 (only µpico=2.5 d
-1
) (Table 5). Also at 50m, the growth of 
the pico and the nano-euk community was sensitive to the different ambient nutrient 
concentrations (Fig. 8 D and E), reaching their highest growth rates (µnano =2.1 d
-1 
, µpico 
=1.6 d
-1
) at the cast with the corresponding highest concentration of nitrate and nitrite 
(B1a). However, this trend was not consistent through the sampling (for example C3a 
µnano = -0.1 d
-1
; ACe1
 
µpico = -0.3 d
-1
).On the other hand, the diatom community showed 
some of the highest growth and grazing rates measured among all taxa, but they were 
either coupled or grazing rates exceeded growth rates in 80% of the experiments (average 
µ of 1.3 d
-1
, average g of 1.5 d
-1
) (Fig. 7, Table 5). Generally, the growth rates of the 
pico- and nano-euks were not related to temperature while the growth of the diatoms was 
positively related with temperature at 50m and 80/100m (Fig. 8 D and E; highest growth 
rate of 4.3 d
-1 
recorded at the peak temperature of 27ºC; 20m was not quantifiable due to 
low autofluorescence of the protist community). 
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Overall, the growth and the grazing rates of the phytoplankton community as a 
whole  (based on Chl-a) were either coupled or grazing rates were exceeding growth rates 
at 50m and DCM/BEZ, while at 20m, growth rates exceeded the grazing pressure at a 
few stations (Ace1, B2b and B3a) (Fig. 7). The growth rates of the bulk phytoplankton 
community at the DCM/BEZ was lower at B1 compared to the one at B2, AC4 and C4 
(p=0.01, one way-ANOVA, Table 4 and 5). 
 
2.4.4 Primary productivity (PP) and the production grazed (PG) 
The integrated primary productivity (PP) was more variable between casts and 
stations during 2011 than during 2012. B1 was a particular station, where we recorded the 
highest integrated PP (B1 a, pre-storm) and the lowest (B1b, during storm) (Fig. 9). In the 
majority of the stations, the integrated primary productivity (PP) was closely coupled 
with the integrated production grazed (PG), however they were several differences 
among taxa (Fig. 10). 
For example, the integrated Synechococcus production (PP) and the production 
grazed (PG) was closely coupled during the summer cruises (2011 and 2012). On the 
other hand, during the winter, PP was higher than PG, leading to an uncoupled 
relationship (Fig. 10), but with high variability between casts from the same station. 
Despite this clear seasonal trend, PP was not statistically different among all stations 
sampled (Table 3, one way ANOVA), likely because of high variability between 
“replicate” casts.  During winter of 2011, the storm induced changes in mixing depth at 
B1 changed drastically the integrated PP of Synechococcus (Fig. 4, Table 3). Primary 
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productivity of Synechococcus was 885 mgCm
-2
 d
-1
 during the first replicate station (B1a 
, pre-storm), but after 48 hours (B1b, during storm event) it dropped to -50 mgCm
-2
 d
-1
, 
due to both a decrease in the abundance/ biomass and negative growth rates. At B3, the 
integrated PP of Synechococcus sampled during the first cast was higher than the 
integrated PG, while after 48 hours the integrated PG was higher than the integrated PP 
(Table 3, Fig. 10). In the winter-spring cyclonic eddy (C3), the integrated PP was higher 
than the PG in both casts. However, Synechococcus sampled during the first cast had an 
integrated PP twice that of the second cast, because of higher growth rates, particularly at 
20m (Table 3, Fig. 10).  
The integrated Prochlorococcus production (PP) and the production grazed (PG) 
were overall coupled all year around, with higher integrated PP during the summer than 
during the spring. During summer 2011, there was a lot of variability between casts (Fig. 
10). At C2 and B2, the integrated PP of Prochlorococcus was at least 12 times higher in 
the water column sampled by the first cast compared to the second cast (Fig. 10; r
2 
=0.73). This difference was due to much lower growth rates of the population (average µ 
C2a=0.91 d
-1
, C2b=0.22 d
-1
; B2a=0.86 d
-1
; B2b=0.11 d
-1
), but not abundance of the cells 
sampled during the second cast (Fig. 6A, Table 5).  
The integrated PP and the PG of the pico- and nano-eukaryotic phytoplankton 
were mostly coupled, with a lot of variability between stations and replicates without a 
clear trend (Fig. 10, linear regression: r
2 
=0.47, slope=0.54 for pico-euks, r
2
=0.42, 
slope=0.3 for nano-euks. For example, the integrated PG of pico-euks decreased between 
the first and second casts at C3 (C3a= 7.12 mg C m
-2
 d
-1
; C3b= 1.43 mg C m
-2
 d
-1
) (Fig. 
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10), changing the relationship between PP and PG at the sampling locations (C3a= PP<< 
PG; C3b= PP≥PG; Fig. 10). This variability between replicates applied to all stations. The 
same is true for the nano-euk community. At the majority of the stations, with the 
exceptions of A4 and ACe4, the nano-euk community had positive but low integrated PP 
in the water column sampled with one cast, and a negative integrated PP in the following 
cast. Generally, pico and nano euks are the only two groups that showed negative PP in 
few of the stations sampled. We know from recent literature that a high percentage of 
autotrophic organisms, without a specific taxonomic distinction are mixotrophic (Zubkov 
and Tarran, 2008; Mitra et al., 2014). If the phototrophic community targeted in these 
cases was bacterivorous, then the first assumption of the dilution experiment (µ not 
influenced by dilution, as described by Landry et al. 1982) would be violated, and the 
dilutions could have negatively affected their growth. However, since it is not possible to 
distinguish mixotrophic from strictly phototrophic organisms microscopically, this 
hypothesis cannot be tested in our experiments and is beyond the scope of our study. 
The integrated PP and PG of the diatom community was coupled during the entire 
summer 2012, and clearly uncoupled at C3b, where PG was at its highest (Fig. 10). The 
data showed no variability between casts with the only exception of C3 and AC4, where 
the second cast had much higher integrated PP than the first cast sampled, because of 
higher growth rates (Fig. 7; r
2
 = 0.6). Overall, the integrated PG was at its highest in the 
cyclonic eddy in spring 2012 (C3) (Fig. 10). Note that for summer 2011 and spring 2011, 
due to slide damages (see ‘Material and Methods’), we did not have replicates available, 
so these cruises are not included in the statistical analyses. 
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Overall, the integrated PP and PG of the whole phytoplankton community (Chl-a) 
was coupled, with few clear exceptions at C3a (PG>PP) and B3a and b (PG>PP). The 
variability between casts was higher during spring than during summer (Fig. 10). 
 
2.5 Discussion 
In this study, we present taxon specific growth and grazing rates of the 
phytoplankton community in different seasons and mesoscale features in the Sargasso 
Sea, in order to understand how biological and physical factors impact primary 
production in this region. 
 We used the RSI as a parameter to characterize nutrient supply and the physical 
differences between the stations. As expected, the RSI values that we calculated for each 
location in our study were for the most part low and comparable to what Maranon et al. 
(2014) found in the north and south oligotrophic regions along the Atlantic Meridional 
Transect during spring and fall of 1996 (RSI values < 10mmolN kg-1), with the 
exception of station C2 and B1 (Table 2, Fig. 4). B1 was characterized by high RSI 
values comparable to what Maranon et al. (2014), found in temperate and costal regions 
all year around, while the young summer cyclonic eddy (C2) had intermediate RSI values 
comparable to upwelling regions, particularly during spring and summer (Maranon et al., 
2014).  
We found that, while variable, both cyanobacterial and autotrophic protist 
communities grew at high rates (maximal growth rates 1.6 d
-1
 and 2.5 d
-1
, respectively) 
and that grazing rates usually matched their growth rates, supporting the observation that 
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heterotrophic protists are one of the major causes of mortality of pico and nano-
phytoplankton in oligotrophic oceans (Lessard & Murrell, 1998; Liu et al., 1998; Worden 
& Binder, 2003, Table 6). 
The growth rates of the autotrophic protist community, with the notable exception 
of the diatoms (Fig. 8 D-E), did not show any relationship with temperature. Rose and 
Caron (2007) found that the growth rates of the micro-grazers reach their peak at 
temperatures around 20°C (4.04 d
-1
), matching the maximal growth of autotrophic 
organisms at this temperature (up to 3 d
-1
; Bissinger et al., 2008), implying that the pico- 
and nano-phytoplankton growth rates were most likely already in the range of their 
optimal growth temperature during our study, since the temperature in the upper 200 m 
never dropped below 18°C.  
Surprisingly, we found no clear trend in primary production between seasons and 
mesoscale features.  We expected to see an enhancement of primary productivity in the 
cyclonic eddies, such as C2 (Fig. 2), due to the uplift of the nutricline into the euphotic 
zone. Instead, we did not find any statistical differences in the integrated primary 
productivity during the two-year study (Fig 9, Table 5). In a 9-year combined study of 
mesoscale activity around BATS, Mouriño-Carballido (2009) also did not find any 
statistical differences in the integrated 
14
C primary productivity between the different 
mesoscale features analysed. Instead, the author found high biological and physical 
variability depending on the eddy-type, the section of the eddy crossing BATS (center vs 
edge) and its age (Mouriño-Carballido, 2009). Below we will elaborate in more detail 
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how the interaction of physical and biological factors, such as grazing, may have 
contributed to the variability of PP in our study. 
Generally, perturbations such as changes in nutrient or light availability can 
modify the relationship between grazers and autotrophic prey and alter the growth rates 
of the phytoplankton community. The relationship between the autotrophic community 
and the grazers is defined as coupled or uncoupled depending on the balance between 
phytoplankton division and loss rates. (Strom et al., 2002; Behrenfeld & Boss, 2014). 
However, in a stable ecosystem, small disturbances may not be enough to offset the 
prey/predator relationship, or they may impact the primary producers and the grazer 
community in the same way (Strom et al., 2002). For example Brown et al. (2008) and 
Landry et al. (2008) found high growth rates of Prochlorococcus in the center of a 
cyclone eddy in the tropical North Pacific (cyclone Opal) mirrored by higher 
microzooplankton biomass and grazing rates, compared to outside the eddy. 
In our study we found that the integrated PP closely matched the integrated PG 
for the different taxonomical groups, with few exceptions that seemed to be unrelated to 
only hydrographical settings. There are some factors, such as age of an eddy or season, 
which may have influenced the variability between stations, but that do not explain the 
differences that we found between taxa (Fig. 9). For example, according to Sweeney et 
al., (2003), C3 was an old cyclonic eddy, so it should have been between the end of a 
biological response and the beginning of an export phase (Table 2). Therefore, we 
expected the phytoplankton community to be either in a coupled relationship or 
uncoupled with higher PG compared to PP. This scenario was true for all the taxa with 
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the exception of the Synechococcus community that was in an uncoupled relationship, 
with PP higher than PG, suggesting that for these cyanobacteria the biological response 
was still at its peak (Fig. 10). Mouriño-Carballido (2009) and Sweeney et al. (2003) also 
found shifts in the plankton community distribution associated with different eddy types, 
showing that the plankton community was dominated by Synechococcus in cyclonic 
eddies, but without any statistical differences between eddy types (Mouriño-Carballido, 
2009). Generally in our study, Synechococcus was the only group to have a clear seasonal 
pattern alternating between a tightly coupled scenario during the summer and an 
uncoupled scenario during the winter (PP>PG; Table 5, Fig 10). Also, according to the 
Sweeney model (Sweeney et al., 2003), a young cyclonic eddy (1-2 months old), such as 
C2 in our study, should be between a nutrient injection stage and the beginning of a 
biological response. The nutricline in C2 was uplifted by 50 m with an averaged RSI 
index of 12.05 mmolN kg
-1
 compared to the ‘control’ station B2 (averaged RSI=0.93 
mmolN kg
-1
 Table 2 Fig. 5), but the phytoplankton community did not show any 
statistical differences in abundance, biomass, PP nor PG between C2 and B2 (Fig. 5 and 
Table 5), suggesting that C2 was still fully in a nutrient injection stage and had not yet 
entered the biological response stage (Sweeney et al., 2003). Interestingly, at both 
stations the integrated primary productivity of the different taxa was generally low with 
the only exception of the integrated PP of the nano euks at B2b, that reached one of its 
higher values, and far exceeded PG (PP= 120 mgC m
-2
 d
-1
; PG= 38 mgC m
-2
 d
-1
 Fig. 10). 
Another factor that should be considered is the sub-mesoscale spatial variability (Siegel 
et al., 1999; Sweeney 2001). For example, the upwelling in cyclonic eddies can occur in 
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their center, usually characterized by a slow but long lasting nutrient injection, or along 
their edge, with rapid but short lived inputs (edge effects) (Levy et al., 1999; Sweeney at 
al., 2001, 2003). We hypothesize that this latter case was encountered in B4 (located at 
the edge of a one-month-old cyclonic eddy), with low concentrations of nutrients in the 
upper euphotic zone and without a clear biological response in any of the five 
taxonomical groups analysed (averaged RSI=0.45 mmolN kg
-1
 Table 2; coupled PP and 
PG; Fig. 10). Another important factor to consider is the timing of sampling relative to 
the hydrographical variability, as was observed for example by Rii et al. (2008). The 
authors found a high abundance of diatoms within a cyclonic eddy in the Subtropical 
North Pacific Ocean, but the diatom community had declined after only 4 days. Krause et 
al. (2010) also found a similar timescale, on the order of 4-7 days, in the formation of 
high diatom abundance in a mode water eddy in the Sargasso Sea. These observations 
suggest that the community composition may change rapidly within a short period of 
time in eddies, and they may explain the high variability of the integrated PP that we 
found between stations in our study (Fig. 10). 
In addition to the variability introduced by mesoscale eddies, late winter storms 
also affect the primary productivity in this region, but rather in a more episodic than 
continuous nature. Lomas et al. (2009) found that between 14-21% of the annual new 
primary productivity in the Sargasso Sea occurs during the pre-stratification period 
between storms during the winter. The first cast (B1a) was a good representative of the 
pre-stratification event discussed by Lomas et al. (2009). We would have expected that 
independently from the kind of organisms, all the taxa at this station would have had 
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higher PP compared to PG, but this was true only for the nano euks and for the 
Synechococcus community (Fig. 9). The other three taxonomic groups (pico-euks, 
Prochlorococcus and diatoms) were in a coupled relationship (Fig. 10). After 48 hours, 
the second cast (B1b) was sampled during a storm. The phytoplankton abundance, 
growth rates and PP dropped significantly, probably because of dilution of the 
community and light limitation due to the deeper mixing (RSI=40 mmolN kg
-1
, Table 2, 
Fig. 9). Another reason for the grazer-independent mortality could have been because of 
viral lysis. It is known that a good portion of phytoplankton mortality may be caused by 
viruses, especially in nutrient-rich waters or during bloom events (Fuhrman 1999). 
Parsons et al. (2012) found in the Sargasso Sea that virioplankton abundances had 
specific seasonal patterns and that they were positively correlated with Prochlorococcus 
seasonal distribution, suggesting viral control of this specific cyanobacterial group. B1b 
was the only station where the heterotrophic protist community was less abundant 
compared to the other stations, specifically with regard to the dinoflagellate biomass (Fig. 
6A and B), so viral-induced mortality may have prevailed over micrograzing. 
We hypothesize that micrograzing selectivity is what was driving PP variability 
between taxa under the same physical conditions, since, with the exception of station B1, 
the heterotrophic protist abundance or biomass did not change among the stations 
analysed (Fig. 6A-B). Strom et al. (2002) found that heterotrophic organisms are capable 
of switching between prey using active and selective feeding mechanisms, modifying 
their grazing activity depending on the physiological state of the prey and the release of 
secondary metabolites that act as grazing deterrent (Sherr et al., 2006; Strom 2002, 2007; 
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Wolfe 2000). Caceres et al. (2013) and Zhou et al. (2015) found in the oligotrophic 
subtropical Northeast Atlantic Ocean and in the Southern South China Sea, that 
micrograzing rates were higher on nano- than pico-phytoplankton, suggesting that 
preferred grazing on nano-phytoplankton is what is contributing to the dominance of 
pico-phytoplankton in oligotrophic oceans. In addition to shaping the phytoplankton 
community, micrograzing may change the prey availability in the water column for other 
predators, such as meso-zooplankton. We found that during the winter/spring transition 
taxon specific PP exceeded PG (uncoupled relationship, Fig. 10) more than during the 
summer, leaving prey ungrazed and potentially available for meso-zooplankton 
consumption (Fig. 10). This notion is supported by the feeding patterns of the meso-
zooplankton community observed in the Sargasso Sea. For example, Schnetzer and 
Steinberg (2002) analysed, using epifluorescence microscopy, the diet of three different 
species of meso-zooplankton in the Sargasso Sea, and they found that copepods tend to 
feed mostly on phytoplankton during the late winter in the Sargasso Sea, especially 
prymnesiophytes, while during the summer they were predominantly carnivorous. Also, 
Roman et al., (1993), found higher phytoplankton ingestion rates in March/April 1990 
compared to August 1989 in the region around BATS. Gelatinous macro-zooplankton, 
such as salps, are also more often abundant during the spring around BATS than during 
summer, and they are known to be capable of filter feeding on Synechococcus and other 
small protists (Stone et al., 2014; Sutherland et al. 2010, Wilson et al., in prep.). 
Overall, the PP and PG of the whole phytoplankton community as determined by 
Chl-a concentration was mostly in a coupled relationship in both years (Fig. 10). 
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However, in eight out of the eighteen casts sampled the integrated PP was negative (Fig. 
10). In five of these cases the nano and the pico euk PP was also negative and could have 
negatively affected the chlorophyll analysis (Fig. 7 and 10). For the other four stations, 
we hypothesize that the autotrophic community incubated in situ for 24 hours could have 
been affected by photoadaptation/photoinhibition. The effects of different light levels in 
on-deck incubations compared to in-situ conditions are well known (Selph et al., 2011). If 
the light levels are either higher or lower than the intensity of the light the phytoplankton 
experience in the natural environment, the autotrophic community will adjust their 
photosynthetic pigments accordingly, resulting in an underestimation or overestimation 
of the growth rates (Selph et al., 2011; note that the grazing rates should not be affected). 
In our study, while the community was incubated at the same depth as it was sampled, the 
bottles were kept at a fixed depth during the in situ incubation and might have 
experienced higher light intensity than the phytoplankton in the natural environment, 
especially if we consider that the rate of the vertical water motion may have been be 
between 1 and 2 cm s
-1
 (Marra, 1979). Marra (1979) tested how photosynthesis rate 
would vary related to a variable light regime interval between fixed and mobile 
incubation settings and he found that the incubations from the mobile setting had a 19-
87% higher photosynthesis rate than the one from the fixed incubation setting. The author 
concluded that in the latter case the organisms did not suffer from 
photoadaptation/inhibition, while in the fixed incubations they were more likely to 
photoadapt because they were exposed to higher light level for longer period of time 
(Marra 1979). Chlorophyll- based results compared to the taxon specific ones suggest 
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that a) care has to be taken when interpreting production measurements of in-situ 
deployments (Chipman et al., 1993; Marra 1979) and b), that chlorophyll is not always 
the most reliable parameter when determining growth and grazing rates in incubation 
experiments (Selph et al., 2011). 
 
2.6 Conclusion 
In a highly complex region like the Sargasso Sea, influenced by different types and 
stages of mesoscale features as well as seasonal patterns, our results show no statistical 
differences in taxon-specific PP and PG between stations, but point to the importance of 
taxon specific micrograzing-control of phytoplankton production. Cyanobacteria are the 
most abundant photosynthetic organisms in this region (Durand et al., 2001, Lomas et al., 
2013). We found that Synechococcus and Prochlorococcus together contribute on 
average 75% of the total autotrophic biomass and 84% of the total primary productivity, 
while the autotrophic eukaryotic community was less important in terms of biomass and 
primary production (around 25% of the total biomass, and less than 16% of the total PP) 
(Fig. 6A and B). The protist community, including the diatoms, reached on average much 
higher growth rates (1.1 d
-1 
± 1.06) than the cyanobacterial communities (0.32 d
-1 
± 0.17). 
But the grazing rates on the protist community (1.32 d
-1 
± 1.22) were also much higher 
than the grazing rates on the cyanobacteria (0.3 d
-1
 ± 0.13). The Synechococcus 
community was the only group found to be in an uncoupled relationship with their protist 
grazers during winter, allowing their PP to reach much higher levels than that of the 
autotrophic protist community. In contrast, Prochlorococcus seemed to be coupled all 
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year around, with higher PP and PG during the summer compared to the spring (Fig. 10). 
The pico and nano euks were the only groups for which integrated PG exceeded 
integrated PP at multiple stations (Fig. 10). These results suggest that despite the 
capability of the protist community to grow as fast or even faster than the cyanobacteria 
in certain situations (Fig. 8), the heterotrophic community exerted a greater grazing 
pressure on these groups compared to the cyanobacteria, possibly allowing this latter 
group to be more abundant in the Sargasso Sea (Fig. 6 and 10). 
In summary, our results point to the importance of micrograzers in shaping the 
phytoplankton community and regulating primary production in the highly dynamic 
microbial environment of the Sargasso Sea. There are still many questions unanswered 
about the selective feeding strategies of the protist community in the hydrographical and 
seasonal context of the Sargasso Sea and more taxon specific studies are needed to better 
understand the regulating mechanisms of micrograzers in this and other oligotrophic 
regions. 
 
2.7 References 
Agatha, S. (2004). Evolution of ciliary patterns in the Oligotrichida (Ciliophora, 
Spirotricha) and its taxonomic implications. Zoology, 107, 153–168. 
http://doi.org/10.1016/j.zool.2004.02.003 
Agatha, S., & Struder-Kypke, M. C. (2007). Phylogeny of the order Choreotrichida 
(Ciliophora, Spirotricha, Oligotrichea) as inferred from morphology, ultrastructure, 
ontogenesis, and SSrRNA gene sequences. European Journal of Protistology, 43, 
37–63. http://doi.org/10.1016/j.ejop.2006.10.001 
Amacher, J., Neuer, S., Anderson, I., & Massana, R. (2009). Molecular approach to 
determine contributions of the protist community to particle flux. Deep Sea 
 55 
 
Research Part I: Oceanographic Research Papers, 56(12), 2206–2215. 
http://doi.org/10.1016/j.dsr.2009.08.007 
Banse, K. (2011). Reflections about chance in my career, and on the top-down regulated 
world. Annual Review of Marine Science, 5(1), 120717164858000. 
http://doi.org/10.1146/annurev-marine-121211-172359 
Behrenfeld, M., & Falkowski, P. G. (1997). A consumer’s guide to phytoplankton 
primary productivity models. Limnology and Oceanography. 
Behrenfeld, M. J., & Boss, E. S. (2014). Resurrecting the ecological underpinnings of 
ocean plankton blooms. Annual Review of Marine Science, 6(September 2013), 
167–94. http://doi.org/10.1146/annurev-marine-052913-021325 
Benitez-Nelson, C. R., & McGillicuddy, D. J. (2008). Mesoscale physical–biological–
biogeochemical linkages in the open ocean: An introduction to the results of the E-
Flux and EDDIES programs. Deep Sea Research Part II: Topical Studies in 
Oceanography, 55(10-13), 1133–1138. http://doi.org/10.1016/j.dsr2.2008.03.001 
Bibby, T. S., Gorbunov, M. Y., Wyman, K. W., & Falkowski, P. G. (2008). 
Photosynthetic community responses to upwelling in mesoscale eddies in the 
subtropical North Atlantic and Pacific Oceans. Deep Sea Research Part II: Topical 
Studies in Oceanography, 55(10-13), 1310–1320. 
http://doi.org/10.1016/j.dsr2.2008.01.014 
Bibby, T. S., & Moore, C. M. (2011). Silicate: nitrate ratios of upwelled waters control 
the phytoplankton community sustained by mesoscale eddies in sub-tropical North 
Atlantic and Pacific. Biogeosciences, 8, 657–666. http://doi.org/10.5194/bg-8-657-
2011 
Bissinger, J. E., Montagnes, D. J. S., Sharples, J., & Atkinson, D. (2008). Predicting 
marine phytoplankton maximum growth rates from temperature: Improving on the 
Eppley curve using quantile regression. Limnology and Oceanography, 53(2), 487–
493. 
Booth, B. C. (1987). The use of autofluorescence for analyzing oceanic phytoplankton. 
Botanica Marina, 30, 101–108. 
Brown, S. L., Landry, M. R., Selph, K. E., Jin Yang, E., Rii, Y. M., & Bidigare, R. R. 
(2008). Diatoms in the desert: Plankton community response to a mesoscale eddy in 
the subtropical North Pacific. Deep-Sea Research Part II: Topical Studies in 
Oceanography, 55(10-13), 1321–1333. http://doi.org/10.1016/j.dsr2.2008.02.012 
 56 
 
Cáceres, C., Taboada, F. G., Höfer, J., & Anadón, R. (2013). Phytoplankton growth and 
microzooplankton grazing in the subtropical Northeast Atlantic. PloS One, 8(7), 
e69159. http://doi.org/10.1371/journal.pone.0069159 
Calbet, A., & Landry, M. R. (1999). Influences on the microbial food web : Direct and 
indirect trophic Mesozooplankton in the oligotrophic interactions open ocean. 
Limnology and Oceanography, 44(6), 1370–1380. 
Casey, J. R., Aucan, J. P., Goldberg, S. R., & Lomas, M. W. (2013). Changes in 
partitioning of carbon amongst photosynthetic pico- and nano-plankton groups in the 
Sargasso Sea in response to changes in the North Atlantic Oscillation. Deep-Sea 
Research Part II: Topical Studies in Oceanography, 93, 58–70. 
http://doi.org/10.1016/j.dsr2.2013.02.002 
Chipman, D. W., Marra, J., & Takahashi, T. (1993). Primary production at 47°N and 
20°W in the North Atlantic Ocean: a comparison between the 14C incubation 
method and the mixed layer carbon budget. Deep Sea Research Part II: Topical 
Studies in Oceanography, 40(1-2), 151–169. http://doi.org/10.1016/0967-
0645(93)90011-B 
Cianca, A., Helmke, P., Mouriño, B., Rueda, M. J., Llinás, O., & Neuer, S. (2007). 
Decadal analysis of hydrography and in situ nutrient budgets in the western and 
eastern North Atlantic subtropical gyre. Journal of Geophysical Research, 112(C7), 
C07025. http://doi.org/10.1029/2006JC003788 
De Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F., Logares, R., … Karsenti, E. 
(2015). Eukaryotic plankton diversity in the sunlit ocean. Science, 348(6237). 
http://doi.org/10.1126/science.1261605 
DuRand, M. D., Olson, R. J., & Chisholm, S. W. (2001). Phytoplankton population 
dynamics at the Bermuda Atlantic Time-series station in the Sargasso Sea. Deep Sea 
Research Part II: Topical Studies in Oceanography, 48(8-9), 1983–2003. 
http://doi.org/10.1016/S0967-0645(00)00166-1 
Eppley, R. (1972). Temperature and phytoplankton growth in the sea. Fishery 
Bulletin.70, 1063-1085 
Eppley, R. W., Rogers, J. N., & Mccarthy, J. J. (1969). Half-saturation constants for 
uptake of nitrate and ammonium by marine phytoplankton. Limnology and 
Oceanography, 14, 194-205 
Frost, B. W. (1972). Effects of size and concentration of food particles on the feeding 
behavior of the marine planktonic copepod Calanus pacificus. Limnology and 
Oceanography, 17(6), 805–815. 
 57 
 
Fuhrman, J. A. (1999). Marine viruses and their biogeochemical and ecological effects. 
Nature, 399(6736), 541–548. http://doi.org/10.1038/21119 
Glover, D. M., & Brewer, P. G. (1988). Estimates of wintertime mixed layer nutrient 
concentrations in the North Atlantic. Deep Sea Research Part A. Oceanographic 
Research Papers, 35(9), 1525–1546. http://doi.org/10.1016/0198-0149(88)90101-X 
Guillou, L., Jacquet, S., Chrétiennot-Dinet, M.-J., & Vaulot, D. (2001). Grazing impact 
of two small heterotrophic flagellates on Prochlorococcus and Synechococcus. 
Aquatic Microbial Ecology, 26, 201–207. http://doi.org/10.3354/ame026201 
Hillebrand, H., Kirschtel, D., Oceanographic, I., & Box, P. O. (1999). Biovolume 
calculation for pelagic and benthic microalgae. Journal of Phycology, 35, 403–424. 
Krause, J. W., Nelson, D. M., & Lomas, M. W. (2010). Production, dissolution, 
accumulation, and potential export of biogenic silica in a Sargasso Sea mode-water 
eddy. Limnology and Oceanography, 55(2), 569–579. 
http://doi.org/10.4319/lo.2009.55.2.0569 
Landry, M., Ondrusek, M., Tanner, S., Brown, S., Constantinou, J., Bidigare, R., … 
Fitzwater, S. (2000). Biological response to iron fertilization in the eastern 
equatorial Pacific (IronEx II). I. Microplankton community abundances and 
biomass. Marine Ecology Progress Series, 201, 27–42. 
http://doi.org/10.3354/meps201027 
Landry, M. R., Brown, S. L., Rii, Y. M., Selph, K. E., Bidigare, R. R., Jin, E., & 
Simmons, M. P. (2008). Depth-stratified phytoplankton dynamics in Cyclone Opal , 
a subtropical mesoscale eddy. Deep Sea Research Part II, 55, 1348–1359. 
http://doi.org/10.1016/j.dsr2.2008.02.001 
Landry, M. R., & Hassett, R. (1982). Estimating the grazing impact of marine micro-
zooplankton. Marine Biology. 
Landry, M., Selph, K., & Yang, E. (2011). Decoupled phytoplankton growth and 
microzooplankton grazing in the deep euphotic zone of the eastern equatorial 
Pacific. Marine Ecology Progress Series, 421, 13–24. 
http://doi.org/10.3354/meps08792 
Landry, M. R., Haas, L. W., & Fagerness, V. L. (1984). Dynamics of microbial plankton 
communities: experiments in Kaneohe Bay, Hawaii. Marine Ecology Progress 
Series, 16, 127–133. 
Lessard, E. J., & Murrelle, M. C. (1998). Microzooplankton herbivory and phytoplankton 
growth in the northwestern Sargasso Sea. Aquatic Microbial Ecology, 16, 173–188. 
 58 
 
Lévy, M., Mémery, L., & Madec, G. (1999). The onset of the Spring Bloom in the 
MEDOC area: Mesoscale spatial variability. Deep-Sea Research Part I: 
Oceanographic Research Papers, 46(7), 1137–1160. http://doi.org/10.1016/S0967-
0637(98)00105-8 
Li, Q. P., & Hansell, D. A. (2008). Nutrient distributions in baroclinic eddies of the 
oligotrophic North Atlantic and inferred impacts on biology. Deep-Sea Research 
Part II: Topical Studies in Oceanography, 55(10-13), 1291–1299. 
http://doi.org/10.1016/j.dsr2.2008.01.009 
Liu H. , L.Campell, M.R. Landry, H.A. Nolla, S.L. Brown, J. C. (1998). Prochlorococcus 
and Synechoccocus growth rates and contributions to production in the Arabian Sea 
during the 1995 Soutwest and Northeast Monsoons. Deep Sea Research Part II, 45, 
2327–2352. 
Lomas, M. W., Bates, N. R., Johnson, R. J., Knap, A. H., Steinberg, D. K., & Carlson, C. 
A. (2013). Two decades and counting: 24-years of sustained open ocean 
biogeochemical measurements in the Sargasso Sea. Deep-Sea Research Part II: 
Topical Studies in Oceanography. http://doi.org/10.1016/j.dsr2.2013.01.008 
Lomas, M. W., Bonachela, J. A., Levin, S. A., & Martiny, A. C. (2014). Impact of ocean 
phytoplankton diversity on phosphate uptake. Proceedings of the National Academy 
of Sciences of the United States of America, 111(49), 17540–17545. 
http://doi.org/10.1073/pnas.1420760111 
Lomas, M. W., Lipschultz, F., Nelson, D. M., Krause, J. W., & Bates, N. R. (2009). 
Biogeochemical responses to late-winter storms in the Sargasso Sea, I—Pulses of 
primary and new production. Deep Sea Research Part I: Oceanographic Research 
Papers, 56(6), 843–860. http://doi.org/10.1016/j.dsr.2008.09.002 
Lomas, M. W., Steinberg, D. K., Dickey, T., Carlson, C. A., Nelson, N. B., Condon, R. 
H., & Bates, N. R. (2010). Increased ocean carbon export in the Sargasso Sea linked 
to climate variability is countered by its enhanced mesopelagic attenuation. 
Biogeosciences, 7(1), 57–70. http://doi.org/10.5194/bg-7-57-2010 
Marãnón, E., Cermeño, P., Huete-Ortega, M., López-Sandoval, D. C., Mouriño-
Carballido, B., & Rodríguez-Ramos, T. (2014). Resource supply overrides 
temperature as a controlling factor of marine phytoplankton growth. PLoS ONE, 
9(6), 20–23. http://doi.org/10.1371/journal.pone.0099312 
Marra, J. (1978). Phytoplankton photosynthetic response to vertical movement in a mixed 
layer. Marine Biology, 46(3), 203–208. http://doi.org/10.1007/BF00390681 
 59 
 
McGillicuddy, D. J., Anderson, L. a, Bates, N. R., Bibby, T., Buesseler, K. O., Carlson, 
C. A, … Steinberg, D. K. (2007). Eddy/wind interactions stimulate extraordinary 
mid-ocean plankton blooms. Science (New York, N.Y.), 316(5827), 1021–6. 
http://doi.org/10.1126/science.1136256 
McGillicuddy, D. J., Johnson, R., Siegel, D. A., Michaels, A. F., Bates, N. R., & Knap, 
A. H. (1999). Mesoscale variations of biogeochemical properties in the Sargasso 
Sea. Journal of Geophysical Research, 104, 13,381–13,394. 
McGillicuddy, D. J., Kosnyrev, V. K., Ryan, J. P., & Yoder, J. A. (2001). Covariation of 
mesoscale ocean color and sea-surface temperature patterns in the Sargasso Sea. 
Deep-Sea Research Part II, 48, 1823–1836. 
McGillicuddy, D. J., & Robinsont, A. R. (1997). Eddy-induced nutrient supply and new 
production in the Sargasso Sea. Deep-Sea Research Part I, 44(8), 1427–1450. 
McGillicuddy, D. J., Robinsont, A. R., Siegel, D. A, Jannasch, H. W., Johnson, R., 
Dickey, T. D., … Knap. (1998). Influence of mesoscale eddies on new production in 
the Sargasso Sea. Nature, 394, 263–266. 
Menden-Deuer, S., Lessard, E. J., & May, N. (2000). Carbon to volume relationships for 
dinoflagellates , diatoms , and other protist plankton. Limnology and Oceanography, 
45(3), 569–579. 
Michaels, A. F., & Knap, A. H. (1996). Overview of the U.S. JGOFS Bermuda Atlantic 
Time-series Study and the Hydrostation S program. Deep Sea Research Part II: 
Topical Studies in Oceanography, 43(2-3), 157–198. http://doi.org/10.1016/0967-
0645(96)00004-5 
Mitra, A., Flynn, K. J., Burkholder, J. M., Berge, T., Calbet, A., Raven, J. A., … Zubkov, 
M. V. (2014). The role of mixotrophic protists in the biological carbon pump. 
Biogeosciences, 11(4), 995–1005. http://doi.org/10.5194/bg-11-995-2014 
Mouriño-Carballido, B. (2009). Eddy-driven pulses of respiration in the Sargasso Sea. 
Deep Sea Research Part I: Oceanographic Research Papers, 56(8), 1242–1250. 
http://doi.org/10.1016/j.dsr.2009.03.001 
Neuer, S., & Cowles, T. (1994). Protist herbivory in the Oregon upwelling system. 
Marine Ecology Progress Series, 113, 147–162. http://doi.org/10.3354/meps113147 
Parsons, R. J., Breitbart, M., Lomas, M. W., & Carlson, C. A. (2012). Ocean time-series 
reveals recurring seasonal patterns of virioplankton dynamics in the northwestern 
Sargasso Sea. The ISME Journal, 6(2), 273–284. 
http://doi.org/10.1038/ismej.2011.101 
 60 
 
Polovina, J. J., & Woodworth, P. A. (2012). Declines in phytoplankton cell size in the 
subtropical oceans estimated from satellite remotely-sensed temperature and 
chlorophyll, 1998–2007. Deep Sea Research Part II: Topical Studies in 
Oceanography, 77-80, 82–88. http://doi.org/10.1016/j.dsr2.2012.04.006 
Putt, M., & Stoecker, D. K. (1988). An experimentally determined carbon : volume ratio 
for marine “ oligotrichous ” ciliates from estuarine and coastal waters. Limnology 
and Oceanography, 34(6), 1097–1103. 
Quevedo, M., & Anadón, R. (2001). Protist control of phytoplankton growth in the 
subtropical North-East Atlantic. Marine Ecology Progress Series, 221, 29–38. 
http://doi.org/10.3354/meps221029 
Rii, Y. M., Brown, S. L., Nencioli, F., Kuwahara, V., Dickey, T., Karl, D. M., & 
Bidigare, R. R. (2008). The transient oasis: Nutrient-phytoplankton dynamics and 
particle export in Hawaiian lee cyclones. Deep-Sea Research Part II: Topical 
Studies in Oceanography, 55(10-13), 1275–1290. 
http://doi.org/10.1016/j.dsr2.2008.01.013 
Roman, M. R. (1993). Zooplankton biomass and grazing at the JGOFS Sargasso Sea time 
series station. Deep-Sea Research I, 40(5), 883–901. 
Rose, J. M., & Caron, D. A. (2007). Does low temperature constrain the growth rates of 
heterotrophic protists? Evidence and implications for algal blooms in cold waters. 
Limnology and Oceanography, 52(2), 886–895.  
Schnetzer, A., & Steinberg, D. K. (2002). Natural diets of vertically migrating 
zooplankton in the Sargasso Sea. Marine Biology, 141(1), 89–99. 
http://doi.org/10.1007/s00227-002-0815-8 
Selph, K. E., Landry, M. R., Taylor, A. G., Yang, E., Measures, C. I., Yang, J., … 
Bidigare, R. R. (2011). Spatially-resolved taxon-specific phytoplankton production 
and grazing dynamics in relation to iron distributions in the Equatorial Pacific 
between 110 and 140 1 W. Deep Sea Research Part II, 58, 358–377. 
http://doi.org/10.1016/j.dsr2.2010.08.014 
Sheppard, S. K., & Harwood, J. D. (2005). Advances in molecular ecology: Tracking 
trophic links through predator-prey food-webs. Functional Ecology, 19(5), 751–762. 
http://doi.org/10.1111/j.1365-2435.2005.01041.x 
Sherr, B. F., Sherr, E. B., Caron, D. A., Vaulot, D., & Worden, A. Z. (2006). Oceanic 
Protists. Oceanography, 20(2), 130–134. 
 61 
 
Sherr, E. B., & Sherr, B. F. (1996). Temporal offset in oceanic production and respiration 
processes implied by seasonal changes in atmospheric oxygen:of heterotrophic 
microbes. Aquatic Microbial Ecology, 11, 91–100. 
Sherr, E. B., & Sherr, B. F. (2002). Significance of predation by protists. Antonie van 
Leeuwenhoek, 81, 293–308. 
Sherr, E. B., Sherr, B. F., & Hartz, A. J. (2009). Microzooplankton grazing impact in the 
Western Arctic Ocean. Deep Sea Research Part II: Topical Studies in 
Oceanography, 56(17), 1264–1273. http://doi.org/10.1016/j.dsr2.2008.10.036 
Sherr, E., & Sherr, B. (2009). Capacity of herbivorous protists to control initiation and 
development of mass phytoplankton blooms. Aquatic Microbial Ecology, 
57(December), 253–262. http://doi.org/10.3354/ame01358 
Siegel, D. A., McGillicuddy, D. J., & Fields, E. A. (1999). Mesoscale eddies, satellite 
altimetry, and new production in the Sargasso Sea. Journal of Geophysical 
Research, 104, 13,359–13,379. 
Stone, J., & Steinberg, D. (2014). Long-term time-series study of salp population 
dynamics in the Sargasso Sea. Marine Ecology Progress Series, 510, 111–127. 
http://doi.org/10.3354/meps10985 
Strom, S. (2002). Novel interactions between phytoplankton and microzooplankton: 
Their influence on the coupling between growth and grazing rates in the sea. 
Hydrobiologia, 480, 41–54. http://doi.org/10.1023/A:1021224832646 
Strom, S. L. (2008). Microbial Ecology of ocean biogeochemistry: a community 
perspective. Science, 320, 1043–1045. 
Strom, S. L., Benner, R., Ziegler, S., & Dagg, M. J. (1997). Planktonic grazers are a 
potentially important source of marine dissolved organic carbon. Limnology and 
Oceanography, 42(6), 1364–1374. http://doi.org/10.4319/lo.1997.42.6.1364 
Strom, S. L., Macri, E. L., & Olson, M. B. (2007). Microzooplankton grazing in the 
coastal Gulf of Alaska: Variations in top-down control of phytoplankton. Limnology 
and Oceanography, 52(4), 1480–1494. http://doi.org/10.4319/lo.2007.52.4.1480 
Sutherland, K. R., Madin, L. P., & Stocker, R. (2010). Filtration of submicrometer 
particles by pelagic tunicates. Proceedings of the National Academy of Sciences, 
107(34), 15129–15134. http://doi.org/10.1073/pnas.1003599107 
Sweeney, E. N. (2001). Monthly variability in upper ocean biogeochemistry due to 
mesoscale eddy activity in the Sargasso Sea. Master Thesis. 
 62 
 
Sweeney, E. N., McGillicuddy, D. J., & Buesseler, K. O. (2003). Biogeochemical 
impacts due to mesoscale eddy activity in the Sargasso Sea as measured at the 
Bermuda Atlantic Time-series Study (BATS). Deep Sea Research Part II: Topical 
Studies in Oceanography, 50(22-26), 3017–3039. 
http://doi.org/10.1016/j.dsr2.2003.07.008 
Taniguchi, D. A. A., Franks, P. J. S., & Landry, M. R. (2012). Estimating size-dependent 
growth and grazing rates and their associated errors using the dilution method. 
Limnology and Oceanography: Methods, 10(11), 868–881. 
http://doi.org/10.4319/lom.2012.10.868 
Unrein, F., Massana, R., Alonso-Sáez, L., & Gasol, J. M. (2007). Significant year-round 
effect of small mixotrophic flagellates on bacterioplankton in an oligotrophic coastal 
system. Limnology and Oceanography, 52(1), 456–469. 
http://doi.org/10.4319/lo.2007.52.1.0456 
Welschmeyer, N. A. (1994). Fluorometric analysis of chlorophyll a in the presence of 
chlorophyll b and pheopigments. Limnology and Oceanography, 39(8), 1985–1992. 
http://doi.org/10.4319/lo.1994.39.8.1985 
Wolfe, G. V. (2000). The chemical defense ecology of marine unicellular plankton: 
constraints, mechanisms, and impacts. The Biological Bulletin, 198, 225–244. 
Worden, A., & Binder, B. (2003). Application of dilution experiments for measuring 
growth and mortality rates among Prochlorococcus and Synechococcus populations 
in oligotrophic environments. Aquatic Microbial Ecology, 30, 159–174. 
http://doi.org/10.3354/ame030159 
Worden, A. Z., Follows, M. J., Giovannoni, S. J., Wilken, S., Zimmerman, A. E., & 
Keeling, P. J. (2015). Rethinking the marine carbon cycle: Factoring in the 
multifarious lifestyles of microbes. Science, 347(6223), 1257594. 
http://doi.org/10.1126/science.1257594 
Zhou, L., Tan, Y., Huang, L., Hu, Z., & Ke, Z. (2015). Seasonal and size-dependent 
variations in the phytoplankton growth and microzooplankton grazing in the 
southern South China Sea under the influence of the East Asian monsoon. 
Biogeosciences Discussions, 12(8), 6285–6324. http://doi.org/10.5194/bgd-12-6285-
2015 
Zhou, L., Tan, Y., Huang, L., & Li, G. (2014). Does microzooplankton grazing contribute 
to the pico-phytoplankton dominance in subtropical and tropical oligotrophic 
waters? Acta Ecologica Sinica, 35(1), 29–38. 
http://doi.org/10.1016/j.chnaes.2014.12.007 
 63 
 
Zubkov, M. V, & Tarran, G. A. (2008). High bacterivory by the smallest phytoplankton 
in the North Atlantic Ocean. Nature, 455(7210), 224–6. 
http://doi.org/10.1038/nature07236 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 64 
 
Tables 
Table 2. Summary of sampling dates, locations, RSI and characteristics for each 
sampling station at BATS (B) and the surrounding mesoscale features (C- cyclonic eddy; 
AC - anticyclonic eddy; e-edge). NA= no eddy activity. 
 
 
*protist count not available 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RSI
(mmolN kg
-1
)
AC1 9.2 6 2/25/2011 29° 42'/64° 06'
ACe1 0.6 6 2/27/2011 30° 30'/64° 08'
B1a 17.3 3/2/2011
 B1b* 40 3/4/2011
 C2a* 8.9 7/23/2011
C2b 15.2 7/25/2011
 B2a* 1.7 7/28/2011
B2b 0.2 7/31/2011
C3a 1.2 3/15/2012
C3b 1.2 3/17/2012
B3a 0.7 3/19/2012
B3b 1.1 3/21/2012
AC4a 0.1 7/20/2012
AC4b 1.1 7/22/2012
ACe4a 1.3 7/24/2012
ACe4b 6.6 7/26/2012
B4a 0.7 7/28/2012
B4b 0.2 7/30/2012
AE1219
AE1118
AE1206
NA
Cruise Station
AE1102 Winter 2011
Eddy age 
(month)
2
6
1
1
1
Summer 2011
Winter 2011
Summer 2011
Season/Year Date Lat/Long 
NA
NA
31° 40'/64° 10'
31° 40'/64° 10'
31° 40'/64° 10'
30° 49'/65° 47'
32° 50'/63° 30'
33° 30'/64° 27'
32° 22'/64° 22'
31° 40'/64° 10'
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Table 4. One way Anova Post-hoc test (Chl-a: chlorophyll-a; Syn: Synechococcus; Pro: 
Prochlorococcus).  
 
 
*Statistically different 
 
 
 
 
 
 
 
 
 
Variable (unit) couple p-value Variable (unit) couple p-value Variable (unit) couple p-value
B2-B1 0.048* B1-AC4 0.0002* B1-AC4 0.016*
B4-B1 0.027* B3-AC4 0.002* B2-B1 0.022*
C2-B1 0.050* C3-AC4 0.001* B4-B1 0.008*
C2-B3 0.024* C2-AC4 0.001* Pro µ DCM (d
-1
) C2-B1 0.019*
C3-B2 0.047* B1-ACe4 0.0001* B1-AC4 0.045*
C2-C3 0.014* B3-ACe4 0.0004* C3-AC4 0.037*
B1-AC4 0.015* B4-ACe4 0.017* B1-ACe4 0.031*
B1-ACe4 0.0008* C3-ACe4 0.0003* C3-ACe4 0.026*
B3-ACe4 0.014* C2-ACe4 0.0002* C3-AC4 0.029*
B2-ACe4 0.013* B2-B1 0.00009* C3-ACe4 0.011*
C3-ACe4 0.003* B4-B1 0.003* C2-B1 0.023*
C2-ACe4 0.003* B3-B2 0.0006* C2-B3 0.024*
B4-B1 0.026* B4-B2 0.036* C3-B2 0.033*
C3-B2 0.0004*
C2-B2 0.004*
C3-B4 0.033*
C2-B4 0.027*
Syn (cells m
-2
)
0.020*
C3-B4 0.032*
C2-C3 0.0045*
 Tukey multiple comparisons of means (after one way ANOVA)
Pro (cells m
-2
)
Pro PG (mgC m
-2
 d
-1
)
B1-ACe4 0.011*
C3-ACe4
Chl-a biomass (mgC m
-2
)
Syn biomass (mgC m
-2
)
Pro biomass (mgCm
-2
)
Chl-a µ DCM (d
-1
)
Pro g 50m (d
-1
) 
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Table 6. Mean of instantaneous growth (µ) and grazing (g) rates (units in d
-1
) (+/-SD) 
derived from all cruises at or close to 50m compared with literature* 
 
 
*station B1 was not taken into consideration in the average because of its unique trend 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
µ       g              µ       g              
Syn 0.39 0.42 0.47 0.13
Pro 0.44 0.31 0.52 0.25
Chl-a 0.35 (±0.24) 0.515 (±0.17) 0.36(±0.18) 0.43 (±0.078)
Syn 0.32 (±0.0.7) 0. 11(±0.11) 0.30 (± 0.18) 0.37(±0.17)
Pro 0.43 (± 0.06) 0.14 (± 0.12) 0.50 (± 0.26) 0.78 (±0.5)
Chl-a 0.11(±0.24) 0.32(±0.14) 0.038(±0.38) 0.28(±0.17)
This study
Winter    Summer 
Lessard et al., 1998
Worden et al. 2003
(50m)
(62m)
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Figures 
 
Figure 3. Station locations of the four cruises overlaid on a map of satellite-derived 
sea level anomaly taken at the onset of the cruise (SLA; negative SLA color coded in 
blue, positive SLA in red, units are in mm). 
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Figure 4. Temperature, fluorescence, and nutrient (NO3 + NO2 and phosphate) 
profiles for each replicate cast (a-solid square, b-solid circle) from 0 to 200m during 
spring (AC1, Ace1 and B1) and summer (C2 and B2) 2011. Data for C2 from 0 to 150m.  
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Figure 5. As in Fig. 4 for spring (C3 and B3) and summer (AC4, Ace4, and B4) 2012. 
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Figure 9. Integrated primary productivity (mgC m
-2 
d
-1
) of the phytoplankton 
community (cyanobacteria+protists) for each cast. *protist community not available due 
to epiflourescence slide damage.  
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3.1 Abstract 
Pico- and nano-phytoplankton dominate the primary production in oligotrophic 
oceans, such as the Sargasso Sea. These regions are known to be responsible for as much 
as 60% of the global carbon export, but very little is known about the contribution of the 
plankton community to the sinking particulate matter. Here, we used 454 pyrosequensing 
to identify the composition of the plankton community in the water column and 
particulate material collected with 150 m traps in the Sargasso Sea in winter and summer 
over a two-year study from 2011 to 2012. We found that compared to other cyanobacteria 
and protists, sequences belonging to Synechococcus and the ciliates were overrepresented 
in the trap material during winter 2011 and 2012 compared to their relative abundance in 
the water column. On the other hand, Syndianales, marine parasitic protists, were 
overrepresented in the particulate material in the summer. We hypothesize that during 
both winter cruises, more intact cells contributed to the export of pico- and nano-
phytoplankton into the traps compared to the summer, when tight micrograzing pressure 
led to higher recycling rates within the euphotic zone and impacted the composition of 
the trap material. This study offers a detailed and comprehensive analysis of the trap 
material composition in different seasons and within mesoscale eddies in the Sargasso 
Sea.  
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3.2 Introduction 
Phytoplankton, through photosynthesis, convert atmospheric CO2 to particulate 
and dissolved organic matter (POM and DOM), part of which is subsequently exported to 
deeper ocean depths through sinking particles (Neuer et al., 2014; Passow & Carlson, 
2012). The complex biological processes that lead to the transport of particulate and 
dissolved carbon from the euphotic zone to deeper depths are known as the biological 
carbon pump (Volk & Hoffert, 1985). Oligotrophic oceans, such as the Sargasso Sea, are 
responsible for about 60% of the global carbon export (Emerson et al., 2001; Lomas et 
al., 2009). Their phytoplankton communities are dominated by pico- and nano-sized 
primary producers (Cotti-Rausch et al., 2016; De Martini et al., in prep.; Lomas et al., 
2013; Treush et al., 2009, 2012), while the most abundant grazers are heterotrophic 
protists, such as dinoflagellates and ciliates; phylum Alveolata) (De Martini et al., in 
prep.; Lessard & Murrell, 1998; Verity et al., 1993) and heterotrophic nanoflagellates, 
which mainly belong to the marine Stramenopiles (Massana et al., 2004).  
 Specifically, the prokaryotic pico-phytoplankton community in the Sargasso Sea 
is dominated by Synechococcus and Prochlorococcus, with peak abundances in the 
winter and in the summer, respectively (Cotti-Raush et al., 2016; De Martini et al., in 
prep.; Durand et al., 2001). The eukaryotic pico- and nano-phytoplankton community is 
dominated mostly by two classes: Prasinophytes and non–calcifying Haptophytes 
(Prymneosiophytes; Amacher et al., 2013; Lomas et al., 2013, Treusch et al., 2012). 
Generally, the non–calcifying Haptophytes are present year-round in this region, even 
though they are more abundant during the winter as compared to the summer (Treusch et 
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al., 2012). On the other hand, the Prasinophytes, along with the Cryptophytes, are only 
present during the winter or during the early spring blooms (Treush et al., 2012). Diatoms 
(belonging to the class Bacillariophyta) are usually rare in the oligotrophic ocean (<10% 
of the total autotrophic biomass), except in some mesoscale features or during seasonal 
blooms (De Martini et al., in prep.; Lomas et al., 2009; Lomas & Moran, 2011; Krause et 
al., 2010; Treusch et al., 2012).  
In the last ten years, researchers have focused on identifying which taxonomic 
groups among the pico- and nano-phytoplankton in oligotrophic oceans, such as the 
Sargasso Sea, may be the key players in the biological carbon pump and which trophic 
mechanisms may drive their contribution to particle export (Amacher et al., 2013; De 
Martini et al., in prep.; Guidi et al., 2016; Lomas & Moran, 2011; Richardson & Jackson, 
2007; Stuckel et al., 2013; Wilson & Steinberg, 2010; Wilson et al., in review;). 
However, how the microbial community structure and trophic linkages regulate and 
impact export from the euphotic zone to waters below is still under discussion (Worden et 
al., 2015). Three distinct pathways for the export of pico- and nano-phytoplankton have 
been hypothesized in the literature. When growth of pico- and nano-phytoplankton is not 
balanced by micro-zooplankton grazing pressure, unconsumed prey may be incorporated 
into sinking aggregates, and/ or they may be consumed directly by filter-feeding 
tunicates, such as salps, or by meso-zooplankton. In the latter pathway, they can 
subsequentially be exported partly as undigested cells in their dense, fast-sinking fecal 
pellets (Richardson & Jackson, 2007; Schnetzer & Steinberg, 2002; Wilson & Steinberg, 
2010). This mode of export is termed the direct export pathway. An indirect export 
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pathway occurs when the meso-zooplankton feed on the phagotrophic protists that had 
previously ingested pico- and nano-plankton prey (Stukel & Landry, 2010). This latter 
type of export would most likely be predominant in an environment where the 
phytoplankton community is tightly controlled by the micro-grazers. Through this 
indirect pathway, the phytoplankton prey would be totally digested and untraceable in the 
meso-zooplankton fecal pellets (Stukel et al., 2013).  
DNA-based techniques have been used extensively in different ecological fields 
in the past two decades to reconstruct and better understand prey selection by different 
animals, such as copepods (Durbin et al., 2012; Wilson et al., in review;), krill (Cleary et 
al. 2012; Martin et al., 2006;) or penguins (Deagle et al., 2010; also reviewed by 
Pompanon et al., 2012; Sheppard & Harwood, 2005, King et al., 2008). Amacher et al. 
(2009; 2013) took a step further and applied DNA-based techniques to investigate the 
contribution of protists and cyanobacteria to the particulate matter collected by particle 
traps at 150 m as compared to their contribution in the euphotic zone. This approach 
allows a high level of taxonomic distinction of both dead and live organisms in the trap 
material that would not be possible using microscopy or pigments (assuming the nucleus 
in the cells is intact and undigested). Other studies have used DNA based techniques in 
the North Pacific gyre to quantify autotrophic protist gene copy numbers in trap material 
(Li et al., 2013), or more recently to describe the microbial community structure in 
sinking particles (Fontanez et al., 2015). 
In this study, the use of 454 pyrosequensing allowed us to investigate links 
between the plankton community composition and their contribution to sinking 
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particulates, during two different seasons and in different hydrographical settings in the 
Sargasso Sea. In addition, having data on the food web utilization of different taxa 
allowed us to further interpret different carbon export pathways in this region. 
 
3.3 Material and Methods 
This study is part of the Trophic BATS project (Cotti-Rausch et al., 2016, De 
Martini et al., in prep.; Wilson et al., in review). We conducted this study in the Sargasso 
Sea at seven stations sampled during four cruises in the late winter and summer of 2011 
and 2012 (Fig. 11). We encountered two cyclonic eddies (C2 and C3) and one 
anticyclonic eddy (AC4) near the Bermuda Atlantic Time Series station (BATS), that 
were identified using satellite-altimetry derived data provided by Dennis McGillicuddy, 
Woods Hole Oceanographic Institution (Cotti-Rausch et al., 2016; De Martini et al., in 
prep.; Fig. 11, also see Fig. 3 for the satellity-altimetry images). 
We collected seawater samples pre-dawn (2:30-4:00 AM local time) utilizing 12L 
Niskin bottles attached to a rosette equipped with a Seabird CTD (Conductivity, 
Temperature, Depth sensor). We also deployed Particle Interceptor Traps (PITs) at 150 m 
depth (un-poisoned, as in Amacher et al., 2013) for 24 h at each station. Specifically, we 
collected seawater samples from the upper (20 m) and lower euphotic zone (100m when 
the water column was well mixed, or from the deep chlorophyll maximum, DCM, 
betweeen 80-100 m depth, when the water column was stratified. The seawater samples 
(2 L) were filtered onto GF/F Whatman filters, and the filters were stored in 1.5 ml 
cryovial tubes at -80 °C onboard ship. The traps were recovered after 24 h, the seawater 
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was siphoned off above the brine layer, and the remaining water was filtered through a 
0.8 µm membrane filter at the base of each trap tube. Swimmers (zooplankton that had 
entered the trap live) and other animal remains were picked off the membrane filters 
under a dissecting microscope onboard ship and the leftover particulate material was 
rinsed with 0.2 µm filtered seawater onto GF/F filters using a vacuum filtration set-up. 
Ultimately, the filters from the water column and the trap material were frozen in 
cryovials in liquid nitrogen and transported back to the ASU lab in a dry shipper for later 
DNA extraction. 
We extracted DNA from all the samples using the QIAGEN DNeasy Blood and 
Tissue Kit, with the combination of ATL buffer and glass beads to increase lysis 
efficiency. After extraction, we estimated the amount of environmental DNA in each 
sample using a Nano Drop ND-1000 Spectrophotometer. Approximately 20 ng of DNA 
for each sample was sent to MR DNA (Shallowater, TX) for amplification and 
sequencing. Universal prokaryotic and eukaryotic primers targeting the V4 hypervariable 
region of the 16S rRNA gene (530F 5’-GTGCCAGCMGCNGCGG-3’, 1100R 5’-
GGGTTNCGNTCGTTR-3’) and the 18SrRNA gene (Euk516F 5’-
GGAGGGCAAGTCTGGT-3’, Euk1055R 5’-CGGCCATGCACCACC-3’) were used. 
The bacterial universal primer used in this study also amplified chloroplast sequences, 
which were included in our analysis.  
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) was used in a single-
step 30 cycle PCR, under the following conditions: 94°C for 3 minutes, followed by 28 
cycles of 94°C for 30 seconds, 53°C for 40 seconds and 72°C for 1 minute, with a final 
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elongation step at 72°C for 5 minutes. The amplicons were then mixed in equal 
concentrations and purified using Agencourt Ampure beads (Agencourt Bioscience 
Corporation, MA, USA). Ultimately, the samples were sequenced utilizing Roche 454 
FLX titanium instruments and reagents following the manufacturer’s guidelines (MR 
DNA, Shallowater, TX). We processed and analyzed the sequences using QIIME 1.9.1 
(Caporaso et al., 2010). We first eliminated low quality sequences, trimmed barcodes and 
removed chimeras using Usearch quality filtering. Then, we clustered the sequences into 
OTUs (Operational Taxonomic Units) with a 97% similarity level and assigned 
taxonomy using the Greengenes database for the prokaryotes, and the PR2 database for 
the eukaryotes (Guillou et al., 2013). Protist OTUs were then grouped into classes and 
cyanobacteria OTUs into genera (Prochlorococcus and Synechococcus). We calculated 
the Bray-Curtis coefficients of similarity (Bray and Curtis, 1957) using Primer V6 
software (Clarke and Gorley 2006) to test for similarity in the relative contribution of the 
microbial community across our samples. The results of these analyses are depicted with 
dendrograms and to determine statistical differences we applied the SIMPROF test of 
similarity (Clarke and Gorley, 2006). 
Dr. Lomas contributed data on the particulate organic carbon (POC) flux and 
water column nutrient concentrations at each station (Cotti-Rausch et al., 2016; De 
Martini et al. in prep., for details on the methodology see Lomas et al., 2013).  
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3.4 Results  
3.4.1 Hydrography  
As reported previously (Cotti-Rausch et al., 2016; De Martini et al., in prep.), the 
mixed layer at the stations sampled during winter 2012 was 150 m deep, while during 
winter 2011 (B1), the mixed layer was no deeper than 30 m at the time sampled. The 
water column was strongly stratified at the stations sampled during both summers, with 
surface temperatures around 28°C and a DCM at 100 m (Chl-a concentrations were 
between 0.3-0.40 µg L
-1
; De Martini et al., in prep.).  
The nitrate plus nitrite concentrations were measureable in the euphotic zone only 
at B1, C2, and ACe4 (values above 1 µmol L
-1
) while the phosphate concentration was 
un-detectable in the euphotic zone at all stations sampled, with the notable exception of 
station C2 at 100 m (0.13 ±0.01 µmol L
-1
; De Martini et al., in prep.).  
The POC flux was higher in 2011 than in 2012 (p=0.004, T-test), with the highest 
measurement recorded at station B1 (45.5 mgC m
-2
 d
-1
) and the lowest at station B4 (5.32 
mgC m
-2
 d
-1
). In both years, higher POC flux was measured during the winter as 
compared to the summer, with the only exception of station AC4 (21.8 mgC m
-2
 d
-1
; Fig. 
11; Table 7). 
 
3.4.2 Plankton composition in water column and trap material 
Based on the 18S rRNA gene analysis, the relative contribution of the protist 
community compared to the rest of the eukaryotic community (consisting of sequences 
belonging to the Opisthokonta, specifically Cnidaria and Crustacea) in the upper 100 m 
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varied across the stations between 33% (B3) and 78% (B4) (Table 8). These differences 
did not follow a distinct seasonal trend. The lowest protist contribution was recorded 
during winter 2012 and at one station during summer 2012 (ACe4), while the highest 
relative contribution of protists was found during spring and summer 2011 and at BATS 
during summer 2012 (Table 8). The relative contribution of protist sequences in the trap 
material followed exactly the opposite trend, with the lowest contribution during winter 
2011 (B1=7%), and the highest during winter 2012 (C3= 54%; Table 8). 
The relative abundance of cyanobacteria in the water column varied between 17% 
(ACe4) and 52% (C3) compared to the total prokaryotic community (mostly 
Flavobacteria and Risckettsiales) during the 2011-2012 cruises (Table 8). Their relative 
contribution in the trap material was 0.31% of the total prokaryotic community during 
summer 2012 (note, we were not able to amplify the trap material from station C2 using 
the bacterial primers), and reached its peak during spring 2012 (C3=42%; Table 8). 
In order to compare the relative abundance of protists and cyanobacteria between 
water column and particulate matter, we excluded OTUs belonging to the Opisthokonta 
and the heterotrophic bacteria from the 18S rRNA and 16S rRNA in our analysis (Figs. 
12-19). 
Within the protist community, the relative abundance of the heterotrophic protists 
in the water column range from 72% (B1) to 91% (B3; Fig. 12A). Specifically, within the 
Alveolata, dinoflagellates had the highest relative contribution in the water column 
(average: 25±2.6%) and ciliates and Rhizaria made up the smallest contribution with 
6.4±3.4% and 6.2±4.2% respectively (Fig. 12A). It is interesting to note that two parasitic 
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marine groups, Syndianales (average=37±4.8%) and Apicomplexa, had a high relative 
abundance in the water column samples (with the exception of station B1 and C2). 
Within the Stramenopiles, we found that the group MAST (MArine STramenopiles, 
Massana et al., 2004) was uniformly present in all the water column samples with an 
average relative contribution of 4±1.3% (Fig. 12A). The autotrophic protist community 
had a lower relative contribution in the water column samples compared to the rest of the 
protist community, ranging between 9% (B3) and 28% (B1). More specifically, within 
the phylum Hacrobia, Haptophyta (Prymneosiophytes) was the most abundant class in the 
water column (average=5±1.6%), with the only exception being station B1 (3%). In this 
station, the class Cryptophyta had the highest relative abundance within the Hacrobia 
(6%) (Fig. 12A). Sequences of Cryptophyta were found only at two stations in winter, B1 
and C3. Among the phylum Archeoplastida, Mamiellales (a sub-class of Prasinophytes) 
reached its highest relative contribution (average =3% ±3.62%) compared to Chlorophyta 
and other Prasinophytes in the water column samples, with a peak at station B1 (11%, 
Fig. 12A). The class Bacilliorophyta (diatoms, phylum Stramenopiles) was usually less 
abundant in the water column compared to the other protist groups (average lower than 
1%). However,  the Bacilliorophyta at B1 reached a relative abundance of 4% (Fig. 12A). 
Generally, B1 was the station that showed the highest diversification among the protist 
community; it was characterized by the lowest relative contribution of heterotrophic 
protists (72%) and the highest relative contribution of autotrophic protists (28%; Fig. 
12A). 
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Among the cyanobacteria, Prochlorococcus had a higher relative abundance in 
the water column during summer (65±17%) as compared to winter 2011 and 2012 
(9.3±3%), while Synechococcus showed the opposite trend (winter: 44±22%; summer: 
10±7%). More specifically, Prochlorococcus reached its highest relative abundance at 
ACe4 (summer, 78%), and Synechococcus at C3 (winter, 63%) (Fig. 12B). It is 
interesting to note that at B1, 50% of the OTUs belonged to Mamiellales, confirming the 
results found by targeting the 18S rRNA gene. 
The relative plankton composition of the particle material not always mirrored 
their relative water column composition, especially for the protist community. Ninety 
percent of the protist sequences found in the particulate material belonged to the phylum 
Alveolata with distinct seasonal trends. Specifically, we found ciliates only during the 
winter and not during the summer. The opposite was true for the Syndianales and 
Apicomplexa. Dinoflagellates tended to have a uniform relative contribution across the 
seasons. The class Rhizaria had a higher relative contribution in 2011 and during spring 
2012, as compared to summer 2012 (less than 3%, Fig. 13A). The relative contribution of 
the autotrophic protists was generally much lower compared to the rest of the protist 
community. The highest relative abundance of autotrophic protists was recorded during 
spring 2011 at BATS and was mostly characterized by Prasinophytes, Prymniosiophytes 
and Bacillariophyta, while the lowest relative abundance was observed during spring 
2012 (Fig. 13A). We did not find any autotrophic protists in the particulate material of 
the trap deployed at AC4 (Fig. 13A).  
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The sequences found in the trap material belonging to the cyanobacterial taxa 
were mostly Synechococcus and Prochlorococcus. Relative contribution of 
Synechococcus reached its peak during both winter cruises (between 73 and 63%, Fig. 
13B), while during the summer 2012, with the only exception being ACe4, 
Synechococcus were not found in the trap material. The relative contribution of 
Prochlorococcus was higher during summer 2012 as compared to the winter. We also 
detected autotrophic protist OTUs, mainly belonging to Haptophyta and Mamiellales, 
during both winters (Fig. 13B).  
With the ultimate goal of comparing the relative contribution of cyanobacteria 
and protists between water column and in particulates collected with traps, we plotted 
their relative abundance found in the trap material against the seawater samples. We 
found that autotrophic protists in both seasons were overrepresented in the water column 
compared to the trap material (Fig. 14A-B). Among the heterotrophic protists, we found 
seasonal differences. Ciliates were overrepresented in the trap material compared to the 
water column in winter, while Syndianales and Apicomplexa followed mostly the 
opposite trend (Fig. 15A-B). On the other hand, dinoflagellates were overrepresented in 
the water column compared to the trap material at all stations sampled during this study. 
Rhizaria were also overrepresented in the water column, with the exception of C2 and B3 
(Fig. 15A -B, and Fig. 17A). Among the phototrophic prokaryotic community, 
Synechococcus was overrepresented in the trap material compared to the water column 
during winter, while during the summer this group was underrepresented, with the 
exception of station ACe4 (Fig. 16A-B, and Fig. 17B ). On the other hand, 
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Prochlorococcus was always underrepresented in the trap material compared to the water 
column (Fig. 17B). 
3.4.3 Seasonal differences 
Based on the Bray-Curtis coefficients of similarity, we found that the relative 
composition of the protist community was statistically different at station B1 compared to 
all the other stations analyzed in this study (Fig. 18A). Also, the protist communities 
found at C3 and B3 were more closely related to each other compared to the summer 
stations (Fig. 18A), even though this difference was not statistically significant. The 
relative composition of the cyanobacteria community was statistically different between 
winter and summer, confirming the seasonal offset that we observed between the 
Synechococcus and Prochlorococcus communities (Fig. 18B). Within the winter stations, 
B1 (winter 2011) was statistically different from stations C3 and B3 sampled during 
winter 2012 (Fig. 18B). 
We found that the relative contribution of the protist community in the trap 
material was statistically different between winter and summer (Fig. 19A). The protist 
community found in the trap material at station B1 was statistically different from those 
sampled at the other winter stations (C3, B3). The relative contribution of the 
cyanobacteria community in the trap material was not statistically different between 
winter and summer. Even if not statistically different, the cyanobacterial relative 
composition found in the winter traps was dissimilar from the summer ones, with the 
exception of ACe4 which was more closely related to the winter stations (Fig. 19B). 
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We also used the Bray-Curtis coefficients of similarity to determine similarity 
between the relative contribution of the cyanobacterial and protist community in the 
water column against those of the trap material at each station. We found no statistically 
significant differences between the relative cyanobacteria composition in the water 
column and the composition in the trap material at any of our stations (Fig S1). On the 
other hand, the relative composition of the protist community in the trap material was 
statistically different from the sequences found in the water column at stations B1, C2, 
C3 and AC4 (Fig S2). 
 
3.5 Discussion 
In this study, we used 454 pyrosequencing techniques to identify and compare the 
relative composition of the plankton communities within the euphotic zone with those of 
the particulate material collected by traps at 150 m. In the next sections below we will 
discuss our findings with the goal of understanding how trophic pathways, microbial 
diversity and the physical settings of the stations sampled impact the relative contribution 
of different taxa to the trap material in this region. 
In general, we found that the relative abundance of the cyanobacteria showed the 
same seasonal trends in both the water column and in the trap material, with generally 
higher relative contribution of Synechococcus in the winter compared to the summer. 
Prochlorococcus showed exactly the opposite trend (Figs. 12B and 13B). However, we 
found that Prochlorococcus, independent of the season, was always underrepresented in 
the trap material compared to the water column (Figs. 16A-B). These results support 
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findings by Amacher et al. (2013) and a zooplankton-diet study by Wilson et al. (in 
review); these authors suggested that the reason behind this underrepresentation in the 
trap material was because Prochlorococcus was less likely to form aggregates compared 
to the Synechocococcus and/or was digested more rapidly by micrograzers (Gorsky et al., 
1999). 
The relative abundance of the protist community in the water column showed a 
similar taxonomical composition across all the stations despite differences in season, with 
the notable exception of station B1 sampled in winter 2011 (Figs. 18A and 12A). The 
relative contribution of the protists in the trap material, mainly the heterotrophic groups, 
showed a strong seasonal trend (Fig. 19A). Specifically, we found that the relative 
contribution of the heterotrophic protists to the trap material was much higher compared 
to autotrophic protists (Fig. 12A). These results support recent findings by Guidi et al. 
(2016) who showed, using a weighted correlation network analysis, that Rhizaria, 
heterotrophic dinoflagellates, and parasitic protists were the most important eukaryotic 
lineages correlated with carbon export in oligotrophic oceans. In our study, we found that 
dinoflagellates were the only class among the phylum Alveolata to have a relative 
abundance uniformly present in the trap material sampled during all cruises. In contrast, 
ciliates were present in the winter but not during the summer, while Apicomplexa and 
Syndianales, two parasitic classes within the Alveolata, followed exactly the opposite 
trend (Fig. 12A; 14A-B). 
In the following we will discuss more specifically what could have influenced the 
differences found in the composition of the communities among the stations sampled. 
 93 
 
Station B1 was the station with the highest eukaryotic microbial diversity in this 
study (Fig. 12A). De Martini et al. (in prep., see Chapter 2) found that station B1 had the 
highest integrated primary productivity (1100 mgC m
-2
 d
-1
) compared to the other stations 
sampled. Cotti-Rausch et al. (2016) found a high concentration of Prasinophytes and 
Cryptophytes at this station, confirming our results of the relative taxonomic distribution 
of autotrophic protists in the water column (Fig. 12A). At B1 we found the highest POC 
flux of to all the stations sampled in this study (Fig. 11). Only ciliates and Synechococcus 
were overrepresented in the trap material compared to their distribution in the water 
column, while all the other groups were underrepresented or absent in the trap material at 
B1 (Fig. 17A-B). De Martini et al. (in prep.) found that Synechococcus was in an 
unbalanced relationship with the micro grazer community at station B1, with growth rates 
exceeding their grazing rates. Here, we hypothesize that because Synechococcus was not 
completely grazed by the micro-grazer community (De Martini et al., in prep.), they were 
more likely to be available for consumption by filter-feeding tunicates, such as salps, or 
by meso-zooplankton, and consequentially to be transported to deeper depths through 
fecal pellets (Richardson & Jackson, 2007; Wilson & Steinberg, 2010) (“direct export”). 
Wilson et al. (in review) observed a salp bloom during winter 2011. Using Degenerative 
Gradient Gel Electrophoresis (DGGE) the authors found that Synechococcous dominated 
the diet of the salps. They estimated also, based on fecal pellet production experiments, a 
potential flux of 19.57±7.71 mgC m
-2
 d
-1
 due to salp fecal pellets at this station, with 
sinking rates between 158±30 to 1144±36 m d
-1
 depending on the salp species. These 
results, along with the Synechococcous growth and grazing rates observed by De Martini 
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et al. (in prep.), support our hypothesis that the export of the Synechococcous at station 
B1 may have been through a direct export pathway (Richardson & Jackson, 2007; Wilson 
& Steinberg, 2010). Station B1 was not the only location where we found an 
overrepresentation of Synechococcous in the trap material, this was also the case at 
stations C3 and B3 (winter 2012; Figs 7A-B). Station C3 was a 6-month-old cyclonic 
eddy, while station B3 was located at BATS without any eddy perturbation (Cotti-Raush 
et al., 2016; De Martini et al., in prep.). De Martini et al. (in prep.) did not find any 
differences in the integrated primary productivity between these two stations (PPC3=352 
mgC m
-2
 d
-1
; PPB3=270 mgC m
-2
 d
-1 
; De Martini et al., in prep.). Cotti-Rausch et al. 
(2016) and De Martini et al. (in prep.) both found that haptophytes dominated the 
autotrophic protist community, while Synechococcus dominated the pico-cyanobacteria 
community at both stations. De Martini et al. (in prep.) found that, at stations C3 and B3, 
the growth rates of the Synechoccococus community also exceeded their grazing rates, as 
was the case at B1. Based on the results from Wilson et al. (in review), copepods were 
more abundant during winter 2012 compared to B1, while the abundance of salps was 
lower. Wilson et al. (in review) estimated that they reached the peak of their fecal pellet 
production during winter 2012. Here we speculate that the main transport of pico- and 
nanophytoplankton during winter 2012 was the same that we found at station B1 (direct 
export). 
It is also noteworthy that the overrepresentation of Synechococcous in the trap 
material was always associated with an overrepresentation of ciliates (B1, C3 and B3; 
Fig. 15A and 16A). Micro-zooplankton, such as ciliates, play an essential role in 
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oligotrophic oceans (Claessens et al., 2010; Lessard & Murrell, 1996; Verity et al., 1993). 
They, along with dinoflagellates and nanoflagellates, regulate the pico- and nano- 
phytoplankton community in these regions (De Martini et al., in prep., Lessard & 
Murrell, 1996,1998; Verity et al., 1993; Worden & Binder, 2003), playing a key role in 
the dynamics of the food web (Calbet & Saiz, 2005; Montagnes et al., 2010). Here we 
hypothesize that during both winter cruises (2011 and 2012) micrograzers, specifically 
ciliates, may have been actively predated upon by meso-zooplankton, such as copepods, 
releasing grazing pressure on the Synechococcus community, and facilitating sinking of 
these cyanobacteria by aggregate formation and/or consumption by salps. 
We found a very different taxonomical relative composition in the trap material 
during the summer cruises compared to the winter cruises (Fig. 13A-B; Fig. 15A-B; 16A-
B). Specifically, Rhizaria were overrepresented in the trap material compared to the water 
column at station C2 (summer 2011), while during summer 2012 the groups that were 
mostly overrepresented in the trap material were Apicomplexa and Syndianales (Fig. 
15A-B; 16A-B). We hypothesize that these differences in seasonality may be linked to a 
change in the trophic dynamics within the euphotic zone. Especially if we consider the 
overwhelming overrepresentation of Apicomplexa and Syndianales and the low 
taxonomic diversification that we found in the trap material collected in summer 
compared to the winter (Fig 13A). Wilson et al. (in review) also found that the salp diet 
was less diversified during the summer compared to the winter cruises, while the opposite 
trend was true for the copepods and the euphausiids. Specifically, the authors found that 
the salp diet had a high contribution of Alveolate sequences (around 30-60% of the diet, 
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most likely these sequences were marine Alveolates, such as Syndianales) during the 
summer of both years, while euphausiids and copepods were predominately eating other 
copepods and dinoflagellates. Syndianales and Apicomplexa are marine parasites 
(Guillou et al., 2008; Rueckert et al., 2011). They are both opportunistic; Syndianales 
usually infect ciliates, dinoflagellates and Rhizaria (Cercozoa) (Brate et al., 2012; Giullou 
et al., 2008), while Apicomplexa (e.g., Cephaloidophoiridae) are intestinal parasites of 
crustaceans, such as copepods (Rueckert et al., 2011). They can be found as free-living 
spores in the different marine environments, increasing the chances of horizontal 
transmission (De Vargas et al., 2015). Generally, it is assumed that parasitic infections 
are irrelevant in the food web, but it has been suggested that this is not always the case 
(Lafferty et al., 2006). The parasitic free-living spores can be eaten directly by larger 
predators impacting the food web (Chambouvet et al., 2008; Massana 2011). We found 
that the highest relative contribution of parasites to sinking particulate matter was at 
station AC4 (Fig. 13A-B). Station AC4 was a young anticyclonic eddy with some unique 
characteristics, such as a high POC flux (Fig. 1) and salp blooms (Wilson et al. in 
review). It formed in June 1
st
 around the Gulf Stream, and at the time of our sampling, the 
mesoscale feature had reached the peak of its intensification, showing a 10 m upwelling 
caused by eddy-wind interaction. Even if this uplift was modest, it was evident in the 
hydrographic observations shared by Dr. McGillicuddy’s group (Fig. 4S). We speculate 
here that this eddy-wind interaction may have been responsible for the high carbon export 
found at this station. Despite the uplift, primary productivity at this station was not 
different from the one measured at the other summer stations (De Martini et al., in prep.), 
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and we did not find any differences in the relative contribution of protist and 
cyanobacteria in the water column between the different summer stations (Fig.18A and 
B). Even though the POC flux was high at this station (Fig. 11), the relative 
cyanobacteria and protist contribution compared to the total eukaryotic and prokaryotic 
taxa was quite low (protist=4%; cyano=0.24%, Table 8). Our results of the cyanobacterial 
relative abundance were confirmed by De Martini et al. (in prep. See Chapter 3). 
Applying qPCR techniques, the authors show that the cyanobacteria community 
contributed to less than 0.05% of the total POC flux during summer 2012. Specifically, 
we found that within the euphotic zone the relative distribution of the prokaryotic 
community was dominated by cyanobacteria (mostly Prochlorococcus, Fig. 12B) and 
Alpha-proteobacteria, such as Riskettsiales (Fig.S3), with SAR11 appearing as an 
important oligotrophic clade among this group (Carlson et al., 2009; Giovannoni et 
al.,1990; Treusch et al., 2009). Gamma-proteobacteria, mostly Alteromonas sp., were 
overrepresented in the trap material compared to the water column, where they were 
barely detected (Fig.S3). Fontanez et al., (2015), also found a high percentage of 
Alteromonas sp. sequences in sediment traps in the North Pacific Subtropical Gyre 
compared to the other prokaryotic groups targeted in their study. Alteromonas sp. is 
known to occur only in two ecological niches: the surface water and the deep-water 
(Herndl & Reinthaler, 2013; Ivars-Martinez et al., 2008). The ecotype that is adapted to 
live at deeper depths can degrade organic matter (Ivars-Martinez et al., 2008), and has 
been found associated with particules and aggregates (García-Martínez et al., 2002). 
Here, we speculate that Gamma-proteobacteria were overrepresented in the trap material 
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because they were colonizing and actively growing while degrading the organic matter in 
the particulate material. The overrepresentation of parasitic marine organisms and 
gamma-proteobacteria in trap material in summer compared to winter is an interesting 
result, but perhaps more important is the absence of protists and cyanobacteria, and the 
lack of taxonomical diversity in the summer trap material (Fig 14A). De Martini et al. (in 
prep.) showed that on both summer cruises all the phytoplankton groups targeted 
(Synechococcus, Prochlorococcus, diatoms, and pico- and nano-autotrophic protists) 
were highly grazed by the micro-grazer community, usually with lower integrated 
autotrophic biomass compared to the winter stations. Here, we hypothesize that most 
likely in summer we were witnessing higher recycling of primary production within the 
euphotic zone that led to a greater indirect export of pico- and nano-phytoplankton 
(Stukel at al., 2013). The “higher recycling” hypothesis may explain why we do not find 
an overrepresentation of the autotrophic protist or cyanobacteria in the trap material 
during summer, but does not explain the absence or lower representation of the ciliate 
community. Hansen et al. (1996) showed that when prey is limited, for example during 
the summer, copepods tend to have low evacuation rates with more complete digestion. If 
the prey is totally digested, its DNA would not be identifiable, explaining why the trap 
samples were less diversified in summer as compared to the winter (Fig 13A). 
 
3.6 Conclusion 
The use of 454 pyrosequencing allowed us to reveal and detect important 
taxonomical trends between communities in the water column and those identified in trap 
 99 
 
material. While the relative contribution of phylotypes is not directly a measure of the 
absolute quantity that a taxonomic group contributes to carbon export, we have shown 
here that it can give us important insights into the relative contributions to sinking 
particulate matter. This in turn is likely influenced by their trophic utilization in the 
euphotic zone, the prevalence of parasitism, and organic matter degradation. For the first 
time, to our knowledge, we are able to link trophic dynamics in the euphotic zone with 
differences in the composition of the sediment trap material. We found that 
Synechococcus and ciliates were overrepresented in the trap material in the Sargasso Sea, 
but that this trend was not uniform throughout the year. We observed a clear difference in 
the composition of the trap material between winter and summer stations, and we 
hypothesize that when phytoplankton growth rates exceeded micro grazing pressure, the 
main pathway for the export of pico- and nano-phytoplankton was by aggregation and 
direct predation on primary producers. The great advantage of sequencing techniques is 
that they provide the opportunity to target the plankton community as a whole, without 
losing high taxonomical resolution. This allows us to answer to some of these broader 
biogeochemical and ecological questions. We need more research to better understand the 
links between phytoplankton, micrograzers and their carbon pathways in oligotrophic 
oceans, to be able to predict carbon export efficiency in a future warmer ocean.  
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Tables 
 
Table 7. Sampling dates, locations, and POC flux (mgCm
-2
d
-1
) measured with particle 
traps at 150 m depth at each station during winter and summer 2011-2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
POC
mgC m
-2
 day
-1
AE1102 Winter 2011 B1 45.5 3/3/2015 31° 40'/64° 10'
AE1118 Summer 2011  C2 25.4 7/24/2015 30° 49'/65° 47'
C3 17.8 3/16/2016 32° 50'/63° 30'
B3 15.1 3/20/2016 31° 40'/64° 10'
AC4 21.9 7/21/2016 33° 30'/64° 27'
ACe4 7.9 7/25/2016 32° 22'/64° 22'
B4 5.3 7/29/2016 31° 40'/64° 10'
AE1206 Winter 2012
AE1219 Summer 2012
Cruise Season/Year Station Date Lat/Long 
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Table 8. Relative abundance of protist and cyanobacteria sequences in water column 
(20-100 m) and trap material (150 m) compared to Opisthokonta and heterotrophic 
bacteria. 
 
 
 
Note: NA=not available, trap material from station C2 could not be amplified using the bacterial primers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Depths
Community 
targeted
B1 C2 C3 B3 AC4 ACe4 B4
Protist 71% 75% 38% 33% 56% 35% 78%
Cyano 37% 27% 52% 30% 21% 17% 22%
Protist 7% 31% 54% 36% 4% 25% 19%
Cyano 3% NA 42% 6% 0.24% 0.31% 0.11%
20-100m
150m
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Figures 
 
 
 
Figure 11. Map of the stations sampled during winter and summer 2011-2012. 
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Figure 17 A) Difference of the relative abundance of protist in the water column (20 
&100 m) and trap material (150 m). Positive difference denotes an overrepresentation 
in the water column; negative difference an overrepresentation in the trap material. Api= 
Apicomplexa; Cil=Ciliates; Dino=dinoflagellates, Syn=Syndianales; Rhi=Rhizaria; 
MAST= Marine Stramenopiles; Chlo= Chlorophyta; Pras= Prasinophytes; 
Cryp=Cryptophyta; Hapt= Haptophyta, Baci=Bacillariophita; Stram=Straminopiles. B) 
As Fig. 17A but for cyanobacteria and phototrophic eukaryotes. Chlo=Chloroplast; 
Mam=Mamiellales; Cryp=Cryptophyta; Hapto= Haptophyta,; Stram=Straminopiles; 
PRO=Prochlorococcus; SYN=Synechococcus. 
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Figure 18 A) Dendrograms of similarities between protist OTUs found in the water 
column (20 &100 m) constructed based on the Bray-Curtis coefficients. B) As Fig. 18A 
but for OTUs belonging to cyanobacteria and phototrophic eukaryotes. Black lines 
represent significant differences between stations (p < 0.05, SIMPROF test). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 116 
 
  
 
Figure 19 A) Dendrograms of similarities between protist OTUs found in the trap 
material (150 m) constructed based on the Bray-Curtis coefficients. B) As Fig. 19A but 
for OTUs belonging to cyanobacteria and phototrophic eukaryotes. Black lines represent 
significant differences between stations (p < 0.05, SIMPROF test).  
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4.1 Abstract 
 The marine picocyanobacteria Prochlorococcus and Synechococcus dominate 
primary production in oligotrophic oceans, but their role in the particulate organic carbon 
(POC) flux into the deeper ocean remains unresolved. Here, we present for the first time 
data on the absolute clade-specific contribution to POC flux of two of the most abundant 
clades of Synechococcus (II and III) and Prochlorococcus (MIT 9312 and 9313) in the 
Sargasso Sea by targeting the 23-16 rDNA internally transcribed spacer region using 
quantitative Polymerase Chain Reaction. We collected seawater samples and shallow 
(150m) sinking particles using sediment traps during winter and summer 2012 around the 
Bermuda Atlantic Time Series station. We found both clades of Synechococcus to have a 
higher contribution to the total POC flux during winter compared to the summer (clade 
II+clade III between 1% and 2.7% of the total winter POC flux, and <0.1% of POC 
during the summer), mirroring their seasonal distribution. Prochlorococcus was more 
abundant during the summer, but independent from its seasonal distribution, both strains 
of Prochlorococcus contributed less than 0.2% to the POC flux. We hypothesize that less 
intense micrograzer consumption may be responsible for the higher Synechococcus 
carbon export observed during the winter. This study uses quantitative assessments of 
molecular markers to establish a novel approach to determine the absolute contribution of 
important pico-celled phytoplankton groups to the POC flux in the ocean. 
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4.2 Introduction 
Primary production in the Sargasso Sea, like other oligotrophic oceans, is 
dominated mostly by Synechococcus and Prochlorococcus (De Martini et al., in prep.; 
Durand et al., 2001; Lomas et al., 2013). These two groups of marine pico-cyanobacteria 
are closely related to each other and are composed of distinct clades with unique 
physiological characteristics (Ahlgren & Rocap, 2012; Rocap et al., 2002; Martiny et al., 
2009; Zwirglmaier et al.2008). The different clades of Prochlorococcus are divided in 
two ecotypes, high light (HL) and low light (LL) adapted (Moore et al., 1998), that are 
vertically partitioned in the euphotic zone (Martiny et al., 2009; Zwirglmaier et al., 2008). 
The different clades of Synechococcus do not show a distinct vertical distribution; but 
rather, a high diversification among different geographical regions (Rocap et al., 2002; 
Zwirglmaier et al., 2008). In this study, we targeted clade II and III of Synechococcus sp. 
(Ahlgren & Rocap, 2012) and also strain MIT 9312 (HL) and strain MIT 9313 (LL) of 
Prochlorococcus sp. (Alhgren et al., 2006), because they were found to be the most 
abundant clades/strains in the Sargasso Sea by Algren et al. (2006) and Ahlgren and 
Rocap (2012). While the seasonal dynamics of these different clades is known 
(Malmstrom et al., 2010, Paerl et al., 2011; Penno et al., 2006), it is still unresolved how 
their seasonal distribution is linked to key biogeochemical processes, for example carbon 
export. Pico- and nano-phytoplankton (<5 µm), such as cyanobacteria, are thought to 
contribute a small percentage of the total particulate organic carbon (POC) export 
because of their small size, negligible sinking rates, and tight grazer control within the 
microbial loop (Azam et al., 1983). However, Richardson and Jackson (2007), using an 
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inverse model, showed that pico-phytoplankton contribution to carbon export might be 
proportional to their contribution to net primary production. Lomas and Moran (2011) 
inferred from suspended particulate pigment concentrations collected below the euphotic 
zone in the Sargasso Sea that Prochlorococcus accounted for 1-20%, and Synechococcus 
from 2-13% of the total POC flux. Amacher et al., (2013), also, found sequences of 
cyanobacteria in shallow Sargasso Sea trap material (150 m); Synechococcus sequences 
were overrepresented in the trap material compared to the water column, and 
Prochlorococcus sequences were underrepresented in the trap material relative to the 
water column. 
In this study, we quantified the seasonal distributions of Synechococcus clades II 
and III (Ahlgren & Rocap, 2012) and Prochlorococcus strains MIT 9312 and MIT 9313 
(Ahlgren et al., 2006) in the euphotic zone of the Sargasso Sea. We also assessed their 
absolute contribution to the downward particle organic carbon (POC) flux, using 
quantitative Polymerase Cycle Reaction (qPCR). QPCR is known to be a very sensitive 
technique, with high sensitivity and specificity (Staniewski et al., 2012), capable of 
quantifying < 10 gene copies per reaction (Bustin et al., 2009). Numerous studies in the 
last two decades have shown that qPCR can successfully detected DNA in cells even if 
they are partially digested or degraded (Li et al., 2013; Frischer et al., 2014; Nejstgaard et 
al., 2008). 
Our study establishes the use of DNA-based approaches to quantify the absolute 
export of important pico-phytoplankton groups in oligotrophic oceans that could not be 
quantified otherwise. 
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4.3 Material and Methods 
 
4.3.1 Sampling collection 
We conducted this study in the Sargasso Sea at the Bermuda Atlantic Time-series 
Study station (BATS) and in its surrounding area during two cruises in the late winter and 
in the summer of 2012 (Table 9). We collected seawater samples (20 m, 50 m, 80 m and 
100 m) pre-dawn (2:30-4:00 AM local time) from replicate casts at each station utilizing 
12 L Niskin bottles attached to a rosette equipped with a Seabird CTD (conductivity, 
temperature, depth sensors; Table 9). We processed seawater samples using two 
techniques, flow-cytometry (FCM) and qPCR. For the FCM samples, 1 mL of seawater 
from each depth was fixed with paraformaldehyde (0.5% final concentration, vol/vol), 
and frozen (-80
o
C) until sample analysis was carried out at the Bermuda Institute of 
Ocean Science (Lomas et al., 2010). The FCM techniques were used to measure the total 
cell concentration of Prochlorococcus and Synechococcus within the euphotic zone. For 
the DNA samples, 2 L of seawater was filtered onto GF/F Whatman filters, and the filters 
were stored in 1.5 mL cryovial tubes at -80 °C onboard ship. These samples were 
transported in a nitrogen dry shipper to our laboratories at Arizona State University for 
later DNA extraction. 
At the same stations, we deployed two surface tethered Particle Interceptor Traps 
(PITs) below the euphotic zone at 150 m depth for 72 hours. The traps were brine-filled 
to help retain particles (final concentration 0.74% formalin in brine at 50 ppt salinity, 
Lomas et al., 2013). After the traps were recovered, the seawater was siphoned off above 
the brine layer, and the remaining water was gravity filtered through a 0.8 µm membrane 
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filter at the base of each trap. Swimmers and other animal remains were manually picked 
off the membrane filters under a dissecting microscope onboard ship and the remaining 
particulate material was rinsed with 0.2 µm filtered seawater onto GF/F Whatman filters 
(Amacher et al., 2013). The filters were frozen in cryovials in liquid nitrogen and 
transported back to the ASU lab for DNA extraction purposes. 
The bulk POC flux was determined from the particulate matter collected in the 72 
hours traps according to Lomas et al. (2010) and Wilson et al. (in review). 
 
4.3.2 DNA-based analyses 
The DNA from the seawater and trap material samples was extracted using the 
QIAGEN DNeasy Blood and Tissue Kit. To estimate the efficiency of DNA extraction 
for each sample, we added a known quantity of the pGEM-3 Z plasmid (PROMEGA) 
before the extraction process, assuming that the environmental DNA and the pGEM-3 Z 
plasmid would have the same recovery (Amacher et al., 2013; Coyne et al., 2005; 
Halliday et al., 2010). We determined DNA recovery efficiency by qPCR–based 
quantification of the pGEM plasmid in the DNA extract, and corrected the DNA recovery 
based on the results of the pGEM’s recovery (for detailed methodology see Amacher et 
al., 2013 and Coyne et al., 2005). Efficiency of DNA recovery ranged from 15 % to 
100% and we report only the results corrected for DNA recovery. 
To quantify the specific distribution and export of carbon of cyanobacteria in the 
Sargasso Sea and their distribution in the water column, we targeted the two most 
abundant clades in this region: Synechococcus sp. clades II and III (Ahlgren & Rocap, 
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2012) and Prochlorococcus sp. HL strian MIT 9312 and LL strain MIT 9313 (Ahlgren et 
al., 2006). We used qPCR primers specific to the 23-16S rDNA internally transcribed 
spacer region (ITS; Ahlgren et al., 2006; Ahlgren & Rocap, 2012) on an ABI 7900HT 
thermocycler. A standard curve was made using gBlocks® Gene Fragments from 
Integrated DNA Technologies in a series of dilutions from 10
7
 to 10 gene copies for each 
clade/strain. Each reaction required 333 nM of each primer and Sybr Mix Green 
(TaqMan®). Two negative controls, one with no template, and one with no reaction mix, 
were used. The environmental samples were plated in triplicate; each well contained a 
total volume of 20 L. Prior to adding templates to the reactions, dilutions from the 
extraction were made in order to create a uniform concentration of nucleic acid in each 
sample (2 ng in 5µL). The cycling parameters for all the reactions were as in Ahlgren et 
al., (2006) for the Prochlorococcus sp. and Ahlgren and Rocap, (2012) for the 
Synechococcus sp. Results of qPCR are expressed as copy number per reaction; we 
converted these data to cells/ml for the seawater samples and to POC flux (mgC m
-2
 d
-1
) 
for the trap samples, assuming that Synechococcus had two ITS copies per cell (Fuller et 
al., 2003; Rocap et al., 2002;), while Prochlorococcus had only one ITS copy per cell 
(Griese et al., 2011; Rocap et al., 2002; Vaulot et al., 1995). We converted cell number 
(gene copy number) found in each sample to carbon by using the average carbon to cell-
ratio found in Lomas and Moran (2011) of 0.29 pg C/cell for Synechococcus and 0.07 pg 
C/cell for Prochlorococcus. We calculated cell-specific carbon flux by accounting for the 
area of the trap filter and time of trap deployment. Strain and clade-specific biomass was 
also estimated using the same pg C/cell reported in Lomas and Moran (2011). 
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4.4 Results and Discussion 
This study is part of the Trophic-BATS project, which investigated the plankton 
community in the Sargasso Sea, their trophic dynamics, and relationship to carbon export 
over a two-year time-period (2011-2012). Here we present data from two cruises carried 
out in 2012. See Cotti-Rausch et al. (2016), De Martini et al. (in prep.) and Wilson et al. 
(in review) for more details about the hydrography and the nature of the different sites 
targeted. 
During winter 2012 the water column was mixed down to 150 m, and the water 
temperature was between 20-21°C. Samples were collected at BATS (Station B3) and in 
the center of a six-month old cyclonic eddy (C3) (Table 9; Cotti-Rausch et al., 2016; De 
Martini et al., in prep.). During summer 2012 the water column was well stratified with a 
mixed layer shallower than 20 m; the temperature in the upper 100 m varied between 22 
and 28 °C. We sampled at BATS (B4), and at the center and the edge of an anti-cyclonic 
eddy (AC4 and Ace4; Table 9). At all the stations, despite the differences in season and 
geographic location, nutrient concentrations were undetectable in the upper 100 m; with 
the single exception of station ACe4 which exhibited measurable Nitrate+Nitrite at 100m 
(2.15± 1.86 µmol N L
-1
; De Martini et al., in prep.; Cotti-Rausch et al., 2016). 
 
4.4.1 Synechococcus sp. and Prochloroccocus sp. abundance in the water column 
Based on flow cytometry data, Synechococcus was more abundant during winter 
2012 (W12) than summer 2012 (S12) (p<0.05, t-test) in the euphotic zone (Fig. 20A and 
C). Specifically, we found that clade II was more abundant during winter compared to 
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summer 2012 (p=0.006, t-test; W12: 4.7x10
4
 cells/ml; S12: 1.6x 10
2
 cells/ml), while the 
occurrence of clade III was not significantly different between the two seasons (p=0.12, t-
test, Fig. 20; W12: 2.04x10
4
 cells/ml; S12: 1.5 x10
 3
 cells/ml). There were no differences 
between the two clades during the winter (p=0.15, t-test), but during the summer clade III 
was more abundand than clade II (p=0.001, t-test, Fig. 20). Both clades (II and III) are 
known to be well adapted to oligotrophic conditions and to prefer warm temperatures 
(between 22-28°C; Alghren & Rocap, 2012; Fuller et al., 2003; Sohm et al., 2016; Tai & 
Palenik, 2009). In addition clade III is motile (Toledo et al., 1999). These motile strains 
are able to respond chemotactically to nitrogen-containing compounds (Willey & 
Waterbury, 1989), allowing them to find nutrients more efficiently in oligotrophic oceans 
(Alghren & Rocap, 2012; Toledo et al., 1999).  
In contrast to the pattern observed for Synechococcus, Prochlorococcus 
abundance based on FCM was greater during summer 2012 than during winter 2012 
(p<0.05, t-test, Fig. 20B and 20D). Strain MIT 9312 (HL) was the only Prochlorococcus 
strain that was present in both seasons, and its seasonal distribution matched the pattern 
of the FCM data, with higher cell density in the summer compared to winter 2012 
(p<0.05 t-test; Fig. 20; average in W12: 2.6 x10
4
 cells/ml; S12: 3.6 x10
4
 cells/ml,). The 
LL strain MIT 9313 was found only during summer 2012 and only below 80 m (average: 
1.7x10
3
 cells/ml, Fig. 20) as would be expected given the known distribution of ecotypes 
in the Sargasso Sea (Ahlgren et al. 2006). Overall, the average abundance of 
Synechococcus and Prochlorococcus in the euphotic zone was not statistically different 
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during winter 2012, while in the summer 2012, Prochlorococcus was more abundant than 
Synechococcus (p<0.5, t-test, for both qPCR and FCM data). 
The total Synechococcus abundance measured by FCM was not statistically 
different from the sum of the qPCR results during winter 2012 (p>0.05, One Way 
ANOVA, FCM=3.4 x10
4
 cells/ml), but the FCM abundance was greater in the summer of 
2012 (p<0.05, One Way ANOVA; FCM= 5.7 x10
3
 cells/ml; Fig. 20A and C). Total 
Prochlorococcus abundance based on FCM was also not statistically greater than the sum 
of the qPCR-measured abundances of both strains during winter 2012 (p>0.05, t-test, 
FCM=3.05 x10
4
 cells/ml). In contrast the FCM abundance was twice the sum of both 
strains measured in summer 2012 (p<0.05, t-test; FCM= 8.8 x10
4
 cells/ml; Fig. 20B and 
20D). These results suggest that during winter 2012, the cyanobacteria population 
consisted mainly of the clades targeted in this study (Fig. 20), but in summer 2012 the 
cyanobacteria community could have been comprised of additional clades, pointing to a 
greater diversity of the population. Other studies that have looked at seasonal diversity of 
Synechococcus and Prochlorococcus also found a greater diversity of the cyanobacteria 
community in summer. For example, Penno et al. (2006) targeted DNA-sequences of the 
N-regulatory gene ntcA in the Gulf of Aqaba and observed a higher Synechococcus 
diversity in summer than in the winter months. Malmstrom et al. (2010) studied the 
temporal and seasonal dynamics of different Prochlorococcus ecotypes at BATS and 
found that, in addition to the clades targeted in our study, MED4 was also highly 
abundant during summer. These results may explain why the abundance of MIT 9312 in 
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our study was statistically significantly lower than the total abundance of 
Prochlorococcus obtained by flow cytometry during summer 2012 (Fig. 20). 
 
4.4.2 Cell and carbon export of Synechococcus sp. and Prochloroccocus sp. 
Generally, the total POC flux measured with particle traps was higher during 
winter than during the summer (Table 10) with the only exception being station AC4. At 
AC4 the POC flux was significantly higher compared to the POC flux measured at the 
other two stations (22 mgCm
-2
 d
-1
; Table 10; p< 0.05, one way ANOVA). Wilson et al., 
(in review) measured fecal pellet production rates and zooplankton diet in the Sargasso 
Sea, and observed a salp-bloom at the time of sampling at station AC4. Salps are bloom-
forming tunicates that are known for high filtration and fecal pellet production rates 
(Madin et al. 1996; Sutherland et al., 2010; Wilson et al., in review). The occurrence of 
these filter feeders may have contributed to the high POC export measured at AC4. 
Overall, the POC flux was not statistically different between winter and summer 2012; 
this was due to the high variability in summer POC fluxes. Variability in the POC flux in 
this region is common, but not necessary seasonal; Amacher et al., 2013, for example, 
found over a two-year study with monthly resolution (2008-2010) a high variability of 
POC flux between individual cruises. 
The cell-specific sinking flux was four times higher for both clades of 
Synechococcus than the cell-specific sinking flux of Prochlorococcus cells during winter 
(Table 10). Further, the cell-specific carbon sinking fluxes for both clades of 
Synechococcus, was more than seven times higher than the POC flux of Prochlorococcus 
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in winter (Table 11), contributing on average 1.8% of the total POC flux (equivalent to 
0.3 ±0.2 mgC m
-2
 d
-1
) (Table 11). During the summer 2012, the cell-specific sinking flux 
of both strains of Prochlorococcus was twice the cell-specific flux of both clades of 
Synechococcus (Table 10), but both groups contributed on average less than 0.05% to the 
total POC flux. Both clades of Synechococcus had higher export during the winter than 
during the summer; the winter stations exhibited high variability in POc flux. Winter 
Synechococcus export was at least two times higher at C3 than at station B3 (Table 11); 
during the summer the contribution of both clades was consistently low at all three 
stations (AC4, ACe4, B4; Table 11). Prochlorococcus export did not exhibit any seasonal 
pattern, even though its highest export was also recorded at C3 (Table 11). During winter 
2012, only MIT 9312 was detected in the traps a low contribution to total export at both 
stations (C3=0.21%; B3=0.01% ; Table 11). During summer 2012, both Prochlorococcus 
strains were found in the trap material, but the average contribution of both strains was 
very small (< 0.03%, Table 11). 
Lomas and Moran (2011) used suspended particulate and particle size-
fractionated pigment concentrations coupled with  
234
 Th flux from different depths 
(down to 300 m) to estimate Prochlorococcus and Synechococcus export in the Sargasso 
Sea. They found that at 150 m Synechococcus export was between 1.8 and 2.8% of the 
total POC flux, while Prochlorococcus contributed between 0.1 and 0.7%. The authors 
did not report results from the summer, but did present data from other seasons (i.e., 
November 2006, January 2007, and March 2007).  According to their study, March 2007 
was characterized by a Synechococcus bloom (>4x10
4 
cells/ml) followed by 
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Synechococcus export (based on zeaxanthin) which contributed 2.4% of the total POC at 
150 m. Our results from station C3, where the Synechococcus reached 4.4x10
4 
cells/ml 
(based on FCM, Fig.20) showed that the Synechococcus export of both clades at 150 m 
contributed 2.7% of the total POC flux (clade II+clade III, Table 11). This supports the 
findings of Lomas and Moran (2011) despite the differences in methodologies used to 
estimate the sinking flux of the cyanobacteria. The contribution to POC export from MIT 
9312 at C3 (0.2%) was comparable to the contribution of Prochlorococcus to POC export 
(based on divinyl chlorophyll-b, 0.1%) found by Lomas & Moran (2011) at 150 m in 
March (2007) (Table 11; see Table 2 in Lomas & Moran, 2011). We also compared the 
contribution to the total POC of the different clades and strains with their contribution to 
the total autotrophic biomass (Fig. 21, total autotrophic biomass from De Martini et al., in 
prep., measured using epifluorescence microscopy and flow cytometry). We found that 
for the Synechococcus sp. there was high variability between stations in winter 2012. At 
C3, the export of clade III was more than one tenth of its contribution to the total 
autotrophic biomass, confirming findings by Lomas and Moran (2011), while the 
contribution of clade II was far less (Fig. 21). The opposite scenario occurred at B3 (Fig. 
21). Grazing selectivity may have caused this variability between the different stations, as 
further discussed below. 
 
4.4.3 Seasonal variability in the cyanobacterial export  
The clades targeted by qPCR in this study were representative of the community 
in winter; however during the summer we only targeted a subset of the cyanobacterial 
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community. The fraction of the population that we captured with the qPCR during 
summer 2012 was 50% of the total Prochlorococcus abundance and 30% of the 
Synechococcus abundance based on FCM. These FCM comparisons suggest that the 
population was comprised of a larger number of ecotypes during summer 2012. However, 
the differences in the cyanobacterial community in the euphotic zone do not explain the 
low Synechococcus sp. and Prochlorococcus sp. export that we found at all stations in 
summer 2012 and at station B3 during winter 2012. The abundance of clade III was not 
statistically different between the two seasons, but its export was much lower during the 
summer 2012 compared to winter 2012 (Table 2). Prochlorococcus export was low in 
both seasons independent of Prochlorococcus abundance in the water column (Table 11, 
Fig. 20). Amacher et al. (2013) found that Prochlorococcus sequences were 
overrepresented in the water column compared to the trap material, while Synechococcus 
were underrepresented. Also, Wilson et al. (in review) found that the relative contribution 
of Synechococcus sequences in the zooplankton fecal pellets was much higher than the 
relative contribution of Prochlorococcus sequences, independent of the season. Two 
processes could cause this discrepancy in export between the two cyanobacteria. 
Synechococcus may be more likely to form aggregates than Prochlorococcus, which has 
been hypothesized by Amacher et al. (2013). In addition, Prochlorococcus could be 
digested more rapidly than other cyanobacteria (Gorsky et al. 1999), leaving fewer traces 
of its DNA in fecal pellets and thus in the particulates sinking into the traps (Wilson et 
al., in review). Both processes could be acting in concert, but again, they do not explain 
the strain specific export found in this study for both Synechococcus and 
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Prochlorococcus in relation to their distribution in the water column (Fig. 20 and 21; 
Table 11). Here, we hypothesize that differences in the cyanobacterial export are 
connected with the grazing pressure exerted by microzooplankton in this environment. 
For example, De Martini et al. (in prep.) found that the Synechococcus community at C3 
had a much higher primary productivity (PP) compared to their production grazed (PG) 
(319 mgCm
-2
 d
-1
 and 53 mgCm
-2
 d
-1
 respectively; De Martini et al., in prep.). The authors 
found that the difference between PP (192 mgCm
-2
 d
-1
) and PG (120 mgCm
-2
 d
-1
) was 
smaller at station B3 (De Martini et al., in prep.). We hypothesize that at C3, a portion of 
the Synechococcus community (clade II+III) was left ungrazed by the micro grazers. A 
recent laboratory-study has shown that Synechococcus cells of clade III in the absence of 
grazing control can form aggregates (Deng et al., 2015). Such aggregates may sink 
directly or may have been incorporated into sinking fecal pellets by mesozooplankton 
(Richarsdon & Jackson, 2007; Wilson & Steinberg, 2010). We refer to the export of 
ungrazed and/or undigested cells as the direct export pathway. This type of export may 
explain why at C3 we found the highest contribution to direct export of Synechococcus 
(clade II+clade III: 2.67%, Table 11). Specifically, clade III contributed more to export 
than clade II relative to their biomass during winter 2012 (Fig. 21). De Martini et al. (in 
prep.) showed that dinoflagellates dominated the micrograzer community during winter 
2012, and Synechococcus clade III is uniquely capable of inhibiting dinoflagellate 
predation by forming a large surface protein (Strom et al., 2012). Thus Clade III may 
have escaped dinoflagellate grazing pressure more efficiently compared to clade II, 
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leaving a higher concentration of ungrazed clade III biomass available for export (Fig. 
21). 
During summer 2012, both clades of Synechococcus and Prochlorococcus 
contributed very little to carbon export (Table 10 and 11). We hypothesize that during 
this season, microzooplankton actively grazed both groups, leading to high recycling 
rates wihtin the euphotic zone and thus a reduction in total direct export. De Martini et 
al., (in prep.) found, indeed, that during summer 2012 both Synechococcus and 
Prochlorococcus were tightly controlled by micrograzers; the average integrated PP and 
PG were 35 ±3.5 mgC m
-2
 d
-1
 and 37 ±6 mgC m
-2
 d
-1
 respectively for Synechococcus, and 
136 ±29 mgC m
-2
 d
-1
(PP) and 163 ±45 mg Cm
-2
 d
-1
 (PG) for Prochlorococcus (De 
Martini et al., in prep.). Stukel et al., (2013) estimated the export of Synechococcus sp. in 
the context of trophic dynamics in the water column in the Costa Rica Dome during 
summer using a combination of pigment and microscopy techniques. They estimated that 
the majority of export was due to an indirect carbon-export process, involving meso-
zooplankton feeding on the phagotrophic protists that had previously grazed on 
cyanobacteria. Thus estimated direct export of ungrazed sinking Synechococcus or of 
dense fecal pellets contributed together only ~ 0.9% of the total POC. The authors carried 
out their study during July, when micro-grazing alone was responsible for a loss of 127% 
of the Synechococcus sp. production. It is not known how the mode of export may change 
in this region when production far exceeds grazing, such as we encountered in the North 
Atlantic at station C3. 
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4.5 Conclusion 
Our results show that different clades of Synechococcus and Prochlorococcus can 
contribute to carbon export, but that their export is usually less than one-tenth of their 
contribution to the total autotrophic biomass in the euphotic zone. We found that low-
light adapted Prochlorococcus was present only during summer 2012 and only below 
80m, and that independent of their standing stock, both strains of Prochlorococcus 
contributed very little to the POC flux. Both clades of Synechococcus were found in both 
seasons and their export contribution to the total POC flux was higher during the winter 
than during the summer with a high variability between the winter stations. We 
hypothesize that a documented imbalance between production and consumption 
processes from these cruises (De Martini et al., in prep.) may be responsible for the 
variability of carbon export observed in our study. 
Our study provides a novel approach to understanding the role of pico-celled 
primary producers in the carbon export in oligotrophic oceans, and underscores the utility 
of documenting clade-specific contributions to export flux in these environments. It has 
been predicted that picophytoplankton, such as Synechococcus and Prochlorococcus, will 
become more abundant in a future warmer ocean (Flombaum et al., 2013). Lomas et al. 
(2010), for example, showed that between 1996 and 2007, the Synechococcus community 
was increasing during winter in the Sargasso Sea compared to pico- and nano-
haptophytes. Primary productivity is expected to decrease significantly by 2100 with the 
expansions of oligotrophic oceans (Steinacher et al. 2010), but the impact that this may 
have on the efficiency of the carbon export is still under discussion (Steinacher et al., 
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2010; Teng et al., 2014). More studies quantifying taxon specific carbon export would 
allow more accurate prediction of changes in carbon export in a future warmer ocean. 
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Tables 
 
Table 9. Sampling dates and locations for each station sampled during the winter/spring 
transition and summer 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
March 15, 2012
March 17, 2012
March 19, 2012
March 21, 2012
July 20, 2012
July 22, 2012
July 24, 2012
July 26, 2012
July  28, 2012
July 30, 2012
31° 40'/64° 10'
Date Lat/Long 
31° 40'/64° 10'
C3
B3
Season/YearCruises
AE1219 Summer 2012
Cast
AC4
ACe4
B4
32° 50'/63° 30'
33° 30'/64° 27'
32° 22'/64° 22'
AE1206 Winter 2012
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CONCLUSION 
5.1 Dissertation contribution 
In this study, I investigated the link between the taxon specific growth and 
grazing rates of pico- and nano-phytoplankton and their contribution to the carbon export 
in the Sargasso Sea. 
In chapter one, I found that taxon specific primary productivity closely matched 
the grazing loss, with few exceptions that seemed to be linked to micro-grazing 
selectivity instead of specific hydrographical features. More specifically, I showed that 
among all the taxa analyzed in this study, Synechococcus was the only group that was in 
an uncoupled relationship during both winter cruises, but always coupled during the 
summer. Prochlorococcus was always coupled, independent of the season. The pico- and 
the nano-autotrophic protists were the groups that showed both the highest growth and 
grazing rates. The taxon specific primary productivity results showed that micro-
zooplankton are likely grazing selectively, and that they are responsible for regulating 
primary productivity in the Sargasso Sea. 
In the second chapter, I found that the taxonomic contribution to the particulate 
material collected at 150 m depth varied with seasonality. During both winter cruises, we 
found that among the cyanobacteria and protist community, Synechoccocus and ciliates 
were the only groups to be overrepresented in the trap material compared to their 
contribution to the water column. On the other hand, during both summer cruises we 
found that among the protist community, parasitic forms, such as Syndianales, were 
overrepresented in the trap material compared to their water column contribution, while 
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both cyanobacteria (Prochlorococcus and Synechococcus) were underrepresented. I 
discussed in detailed the link between coupled/uncoupled scenarios and the different 
carbon export pathways (Fig. 2, direct and indirect export pathways). I hypothesized that 
the overrepresentation in the trap material of Synechococcus during the winter was 
caused by direct export, while the underrepresentation of autotrophic protists and 
cyanobacteria during the summer might have been due to a tighter grazer control and 
subsequent higher indirect export (Fig. 2). 
In the third chapter, I found that both clades of Synechococcus contributed 
measurably to the POC flux, but only during the winter 2012 (up to 2.7%). Both strains 
of Prochlorococcus, independent of the seasons, contributed very little to the POC flux 
(<0.2%). Our data support the hypothesis that if the growth rates of pico- primary 
producers exceeded their grazing rates, they can sink either by aggregation or within fecal 
pellets, as proposed in chapter two. However, my data show that the contribution to the 
POC flux of these pico-primary producers is often less than one tenth of their biomass 
contribution. For the first time I was able to quantify clade specific carbon export and to 
underscore the utility of documenting their contribution to the export flux in the Sargasso 
Sea. 
 
This dissertation shows how imbalance between production and consumption 
processes within the microbial loop may impact the carbon export in this region. An 
important part of this finding is the role of the micro-grazer community. I found that 
micro-grazers in the Sargasso Sea are responsible for controlling primary producers, and 
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that this control may be driven by grazing selectivity/prey preference. Multiple studies 
have found that heterotrophic protists, from dinoflagellates to ciliates, are capable of 
modifying their grazing activity depending on the physiological state, size or shape of the 
prey (Wolfe 2000; Strom 2002, 2007; Sherr et al., 2006; Verity et al., 1991). Guillou et 
al. (2001) observed grazing selectivity even among heterotrophic nanoflagellates. The 
differences that I found in the clade specific export of Synechococcus suggest that the 
prey preferences may be much more specific than at the class or genera level. For 
example, Claessens et al. (2010) found a positive relationship between Synechococcus 
diversification and ciliate diversity in the Gulf of Aqaba. The fact that I found 
Prochlorococcus always in a coupled scenario and with such a low contribution to POC 
flux may also be related to grazing selectivity. Christaki et al. (1999) found that ciliates 
usually favor Synechococcus as a prey, while the major consumers of Prochlorococcus 
are nanoflagellates, leading to higher remineralization rates for Prochlorococcus 
compared to Synechococcus.  
Also, in this dissertation I showed the importance of combining different 
methodologies to better understand the complexity of the biological carbon pump in 
oligotrophic oceans. Traditional approaches, such as microscopy and flow cytometry, 
provided us quantitative data and allowed us to determine the growth and grazing rates of 
different primary producers. On the other hand, DNA-based techniques allowed us to not 
only gain a taxonomically much more detailed overview of the community in the water 
column and in the particulate material collected by traps, but also more a accurate 
quantification of the flux of small primary producers in the particulate material. 
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5.2 The challenges ahead 
It is predicted that warmer oceans will have lower primary productivity 
(Steinacher et al. 2010), a shift in the plankton community towards pico-cyanobacteria 
(Flombaum et al., 2013), and potentially a reduction in POC flux (Marsay et al., 2015). 
However, there are some uncertainties about how the biological carbon pump efficiency 
will change in a warmer ocean (Teng et al., 2014). 
The first big challenge is to understand if we are underestimating the direct 
export. Our qPCR results (third chapter) are confirming the results from water column 
pigments analysis by Lomas and Moran (2011), verifying our methodologies. However, 
we need to acknowledge that the use of pigments as tracers of primary producers is based 
on the assumption that the cells have not been grazed and they are still intact and alive. In 
fact, from the literature we know that grazing is capable of degrading the pigments into 
undetectable compounds (Conover et al., 1982; Head & Harris, 1992; Mackinson et al., 
2015). On the other hand, DNA is a very stable molecule that has been used extensively 
in food web studies (Valentini et al., 2009). More importantly, molecular tools give us the 
advantage of targeting different groups with a high taxonomical resolution, and in 
addition to primary producers, also provide information about the diversity of 
heterotrophic protists and parasitic forms. DNA-based tools, such as qPCR, can provide 
information on how much different clades can contribute to the carbon export, as I 
showed in Chapter three. Most models treat primary producers as a whole (Hansen et al., 
2015; Marsay et al., 2015). In this dissertation I showed how different taxa, or even 
clades, may have different biogeochemical impacts and implications on the carbon 
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export. New important questions can be formulated based on my findings. How, for 
example, different distributions of clades may impact the export of carbon in future 
warmer oceans? Are trophic dynamics going to change along with that? And if yes, how? 
These questions should push us to investigate further microbial trophic dynamics 
in these and other ocean regions, from grazing selectivity to trophic processes. For 
example, in our dilution experiments we cannot recognize mixotrophic organisms. 
However, we know from the literature that in oligotrophic oceans, between 40 and 95% 
of autotrophic protist are capable of feeding on bacteria or dissolved organic matter 
(Umein et al., 2007; Zubkov & Terran, 2008). On the other hand, ciliates and 
dinoflagellates are capable of “stealing” chloroplasts from their prey and photosynthesize 
(Stoecker et al., 1999; Worden et al., 2015) giving more complexity to the analysis of 
trophic processes and their implications for the biological carbon pump (Mitra et al., 
2014; Ward et al., 2015). 
In summary, the Sargasso Sea is a much more complex environment than we 
thought with unpredictable changes and high variability. To be able to predict how global 
warming will impact our oceans in a near future, we need to better understand how the 
food web is functioning today. Therefore we need to combine techniques that allow us to 
understand the details of its complexity, but without losing the broader ecological and 
biogeochemical implications on the biological carbon pump.  
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Figure S1. Dendrograms constructed based on the Bray-Curtis coefficients of similarities 
for cyanobacteria and phototrophic eukaryotes OTUs found in sediment traps and water 
column samples for each station. Black lines represent significant differences between 
water column and sediment trap (p < 0.05, SIMPROF test). 
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Figure S2. As Fig. S1, but for protist OTUs. Black lines represent significant differences 
between water column and sediment trap (p < 0.05, SIMPROF test). 
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Figure S3 Relative contribution of prokaryote sequences found in the trap material 
against the water column in summer 2012. Dashed line is the 1:1 ratio. 
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Figure S4. Water temperature in the upper 1000 m measured across the transect sampled 
in summer 2012 with cast # overlaid. Cast #s 4, 7, and 13 correspond to Station AC4. 
